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This thesis presents the study on design and performance evaluation of free space optical 
communication system for radio signal transmission. The outcomes summarized in the research have 
been carried out during the Ph.D course pursued at Division of Electrical, Electronic and Information 
Engineering, Graduate School of Engineering, Osaka University. 
This thesis is organized in five chapters as follows: 
Chapter 1 addresses the background of the research on free space optical communication system for 
radio signal transmission. The object of the research, radio on free space optical (RoFSO) 
communication system, is introduced, and its basic configuration, characteristics, merits, and 
differences with conventional free space optical (FSO) communication systems are discussed. From 
the discussion, the necessity of a research on design and performance evaluation of RoFSO system is 
explained. Also, the objective and value of the thesis are described. 
Chapter 2 proposes RoFSO channel models for design and performance evaluation of RoFSO link 
and describes about the difference with conventional FSO link models. Firstly, a spectral model of 
optical scintillation applicable to RoFSO system is proposed, which enables us to estimate the spectral 
parameters of cutoff frequency and spectral slope in power spectral density (PSD) of optical 
scintillation from a given combined condition of time-zones, temperature, and rainfall intensity. 
Dependencies of the spectral parameters on the weather parameters including difference between 
daytime and night are discussed. Secondly, dependency of the scintillation index on the weather 
parameters is investigated for conventional FSO system, and the results are extended to RoFSO 
system. Thirdly, a new optical transmission loss model is proposed on the basis of measured data in a 
long-term experiment of RoFSO transmission. The proposed model is applicable to the design of the 
link margin of RoFSO system operating wavelength of 1550nm band. 
Chapter 3 evaluates the effect of optical scintillation on the system performance, especially on the 
throughput of RF signal transmitted over RoFSO system. We assume WLAN signal as RF signal 
because WLAN signal is susceptible to the effect of optical scintillation due to its high bit rates, 
spectrum efficient modulation format, and required high signal to noise ratio. In this analysis, both 
speed and strength of optical intensity fluctuation are considered. The normalized Gamma distribution 
is introduced as a statistical model of the intensity fluctuation caused by optical scintillation. 
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Time-correlated optical scintillation model is proposed for the expression of the time correlation 
characteristic and the probability density function of optical intensity fluctuation. The evaluation is 
performed for the worst case of largest scintillation index. The results show the changes in throughput 
performance caused by optical scintillation. Next, assuming radio communication environments like 
office and corridor, the effects of optical scintillation in RoFSO channel and shadowing in radio 
channel are evaluated with some discussion. 
Chapter 4 proposes WDM optical power allocation method as an optimal design method for RoFSO 
system. The proposed method can effectively guarantee each radio regulation of heterogeneous radio 
signals at a remote station of RoFSO downlink under the condition that the total optical transmission 
power is limited due to Eye-safety regulation. Theoretical analysis derives a ratio of WDM optical 
power allocation to effectively guarantee different requirement for each radio signal for two cases of 
fixed optical modulation indexes (OMI) and optimum OMIs. The results of numerical calculation of 
CNDR show that the proposed method can improve the tolerance in the optical transmission loss and 
the RoFSO link distance, compared with the conventional system in which the optical transmission 
power is equally allocated in each WDM channel. 
Chapter 5 summarizes the results obtained in the original works mentioned previous chapters and 
gives the important role of originally proposed methods in the design and performance evaluations of 




This thesis presents the study on design and performance evaluation of free space optical This study 
has been carried out during my Ph.D course pursued at the Division of Electrical, Electronic and 
Information Engineering, Graduate School of Engineering, Osaka University. 
I would like to express my sincere gratitude to my supervisor, Prof. Shozo Komaki of the Division 
of Electrical, Electronic and Information Engineering, Graduate School of Engineering, Osaka 
University, for continuing encouragement, valuable discussions, academic advice, and various 
supports throughout this research. 
I am much indebted to Prof. Seiichi Sampei of the Division of Electrical, Electronic and 
Information Engineering, Graduate School of Engineering, Osaka University, for his insightful 
suggestion, careful review, and valuable criticism on the whole contents of this thesis. 
I would like to express my deep sense of appreciation to Associate Prof. Katsutoshi Tsukamoto of 
the Division of Electrical, Electronic and Information Engineering, Graduate School of Engineering, 
Osaka University, for his helpful discussions, various academic comments, untiring efforts in guidance, 
and continuing encouragement from the beginning to the end of this research. 
I am deeply grateful to Prof. Tetsuya Takine, Prof. Ken-ichi Kitayama, Prof. Noboru Babaguchi, 
Prof. Kyo Inoue, and Prof. Zen Kawasaki of the Division of Electrical, Electronic and Information 
Engineering, Prof. Takashi Washio and Prof. Riichiro Mizoguchi of the Institute of Science and 
Industrial Research of Osaka University, and all other academic lectures of the Division of Electrical, 
Electronic and Information Engineering, for their enlightening guidance, discussions, and creative 
comments for this research. 
I also would like to express my sincere appreciation to Assistant Prof. Takeshi Higashino for his 
academic guidance, valuable discussions and comments on the whole of this research. 
I appreciate Dr. Yozo Shoji of National Institute of Information and Communications Technology 
(NICT), Prof. Mitsuji Matsumoto of Global Information and Telecommunication Institute (GITI), 
Waseda University, Dr. Kamugisha Kazaura and Dr. Pham Tien Dat who were members of GITI, 
Waseda University, Dr. Kazuhiko Wakamori of Hamamatsu Photonics K. K., and Assistant Prof. 
iv 
Kazuo Kumamoto of Osaka Institute of Technology, for their valuable discussions and comments for 
this research. 
I am deeply indebted to Prof. Chun-Woo Shin, Prof. Kwang-Ho Shin, Prof. Jinwoo Kim, and Prof. 
Jong-Sung Kim of Kyungsung University, Korea, for their kind instruction of basic backgrounds for 
writing this thesis. 
Without the financial support from NICT, this research could not carried out. I would like to give 
my appreciation to NICT for its special helps as well as financial supports. 
I would like to acknowledge ICOM Incorporated for granting me the scholarship to pursue the Ph.D. 
course. 
I also appreciate all members of Komaki Laboratory for their useful discussions for this research, 
especially, Mr. Satoru Okumura, Mr. Keisuke Hayasaka, and Mr. Tatsuhiko Iwakuni for their helpful 
assistance. 
I am heartily thankful to my family, including grandfather, grandmother, father, mother, and sister, 
for their love, concern, enabling me to conduct the research without worry. 
Last, but by no means least, I am also heartily thankful to my beloved Eun-Young Kim for her love, 



















Chap.1 Introduction 1 
 
Chap.2 RoFSO channel model for design and performance evaluation 9 
2.1 Introduction ....................................................................................................................... 9 
2.2 Spectral model of optical scintillation................................................................................ 9 
2.2.1 Experimental setup for measuring optical scintillation.............................................. 11 
2.2.2 Approximated PSD of optical scintillation with Butterworth type transfer function 12 
2.2.2.1 Butterworth-type PSD as a spectral model of optical scintillation .................. 12 
2.2.2.2 Evaluation of approximation............................................................................ 14 
2.2.3 Dependency of fc and N on weather parameters ....................................................... 18 
2.2.3.1 Dependency of fc and N on temperature.......................................................... 18 
2.2.3.2 Dependency of fc and N on rainfall intensity .................................................. 23 
2.2.3.3 Estimated values of fc and N under combined conditions of temperature and 
 rainfall intensity ............................................................................................... 28 
2.2.3.4 Estimating performance of the proposed model .............................................. 31 
2.3 Estimation of scintillation index ...................................................................................... 31 
2.3.1 Dependency of scintillation index on weather conditions ......................................... 32 
2.3.2 Estimated scintillation index for RoFSO system ....................................................... 32 
2.4 Optical transmission loss model....................................................................................... 37 
2.4.1 Atmospheric attenuation loss and optical geometric loss .......................................... 37 
vi 
2.4.1.1 Atmospheric attenuation loss ........................................................................... 37 
2.4.1.2 Optical geometric loss...................................................................................... 38 
2.4.2 Scintillation loss and tracking error loss .................................................................... 39 
2.4.2.1 Examination of scintillation loss models ......................................................... 39 
2.4.2.2 Experimental setup for measuring scintillation loss and tracking error loss ... 40 
2.4.2.3 Comparison of measured scintillation loss and its theoretical models ............ 42 
2.4.3 Estimation of RoFSO link margin.............................................................................. 43 
2.5 Concluding remarks ......................................................................................................... 45 
 
Chap.3 Effect of optical scintillation on throughput of WLAN signal 
transmitted over RoFSO system 47 
3.1 Introduction ..................................................................................................................... 47 
3.2 Statistical model of time correlated optical scintillation.................................................. 48 
3.3 Effect of optical scintillation on throughput of WLAN signal transmitted over RoFSO 
 link.................................................................................................................................... 52 
3.3.1 Effects of strength and speed of optical scintillation ................................................. 52 
3.3.1.1 Simulation configuration.................................................................................. 52 
3.3.1.2 Numerical results ............................................................................................. 55 
3.3.2 A case of combining shadowing and scintillation...................................................... 60 
3.3.2.1 Simulation configuration.................................................................................. 60 
3.3.2.2 Numerical results ............................................................................................. 62 
3.4 Concluding remarks ......................................................................................................... 63 
 
Chap.4 WDM optical power allocation method for RoFSO system 65 
4.1 Introduction ...................................................................................................................... 65 
4.2 WDM optical power allocation for fixed OMIs............................................................... 66 
4.2.1 CDNR of WDM RoFSO link..................................................................................... 66 
4.2.2 WDM optical power allocation ratio for fixed OMIs ................................................ 69 
4.2.3 Application to RoFSO downlink................................................................................ 71 
4.2.3.1 System parameters and required CNDR .......................................................... 71 
4.2.3.2 Tolerable optical transmission loss and achievable RoFSO link distance....... 74 
4.3 WDM optical power allocation for optimum OMIs ........................................................ 78 
4.3.1 WDM optical power allocation ratio for optimum OMIs .......................................... 78 
4.3.2 Application to RoFSO downlink................................................................................ 81 
4.3.2.1 System parameters and required CNDR .......................................................... 81 
4.3.2.2 Tolerable optical transmission loss and achievable RoFSO link distance....... 81 
vii 
4.4 Concluding remarks ......................................................................................................... 86 
 








List of figures 
1.1 Basic configuration of RoF link......................................................................................... 2 
1.2 Geographical restrictions in RoF link ................................................................................ 2 
1.3 Concepts of (a) conventional FSO system and (b) RoFSO system ................................... 4 
1.4 Application scenarios of RoFSO system for providing broadband wireless connectivity  
 to underserved areas........................................................................................................... 5 
2.1 PSDs of optical scintillation measured in conventional FSO system and RoFSO system 
 at the same location and time ........................................................................................... 11 
2.2 Experimental setup........................................................................................................... 12 
2.3 Experimental field............................................................................................................ 12 
2.4 (a) (c) (e) 
€ 
φbb(τ )  matched with 
€ 
φii (τ ), and (b) (d) (f) 
€ 
Sb( f ) matched with 
€ 
Si ( f ) ........... 15 
2.5 Examples of variations of temperature, rainfall intensity, and 
€ 
fc  over (a) from 31 January 
 2006, 12:00 to 1 February 2006, 18:00, and (b) from 4 August 2006, 6:00 to 5 August  
 2006, 6:00......................................................................................................................... 16 
2.6 
€ 
P( fc )  in each time zone for (a) 
€ 
θ  < 10, (b) 10 ≤ 
€ 
θ  < 20, (c) 20 ≤ 
€ 
θ  < 30, and 
 (d) 30 ≤ 
€ 
θ  ........................................................................................................................ 19 
2.7 
€ 
X  for 
€ 
θ  in each time zone, where 
€ 
P( fc < X)  = 0.8 ....................................................... 21 
2.8 (a) Each 
€ 
fc  and (b) 
€ 
N  for 
€ 
θ  in each time zone ......................................................... 22 
2.9 
€ 
P( fc ) in each time zone for (a) 
€ 
R  = 0, (b) 0 < 
€ 
R  ≤ 3, (c) 3 < 
€ 
R  ≤ 6, (d) 6 < 
€ 
R  ≤ 9, and 
 (e) 9 < 
€ 
R .......................................................................................................................... 24 
2.10 
€ 
X  for 
€ 
R  in each time zone, where 
€ 
P( fc < X)  = 0.8....................................................... 26 
2.11 (a) Each 
€ 
fc  and (b) 
€ 
N  for 
€ 
R  in each time zone......................................................... 27 




ˆ f c (θ, R) , under combined weather conditions of 
€ 
θ  and 
€ 
R  for  
 the cases of (a) all day, (b) daytime, and (c) night ........................................................... 28 





ˆ ′ σ i 2 (θ,R), under combined weather conditions of 
€ 
θ  and 
€ 
R  for 
 the cases of (a) all day, (b) daytime, and (c) night ........................................................... 33 





ˆ σ i2 (θ,R), under combined weather conditions of 
€ 
θ  and 
€ 
R  for 
 the cases of (a) all day, (b) daytime, and (c) night ........................................................... 34 
2.15 Experimental setup for RoFSO transmission................................................................... 41 
x 
2.16 Scintillation loss versus refractive index structure constant 
€ 
Cn2 ...................................... 42 
2.17 Estimated RoFSO link margin Mopt(d) versus RoFSO link distance d ............................ 44 
3.1 An analysis model of RoFSO channel ............................................................................. 49 
3.2 Proposed statistical model of time correlated optical scintillation................................... 49 
3.3 
€ 
pi (y;1;σ i2 ) , and fitted 
€ 
py (y;1;σ y2 ) , 
€ 









 = 0.03 .................................................................................................................... 51 
3.4 Simulation configuration.................................................................................................. 52 
3.5 Two cases of path length in radio channel ....................................................................... 53 
3.6 Cumulative distribution function of the scintillation index for FSO system, 
€ 
P( ′ σ i 2 ),  
 under the combined conditions of 
€ 
θ  > 30, daytime, clear day ........................................ 54 
3.7 Average fade duration (AFD) of received optical intensity versus threshold level of 




 = 0.25 ....................................................................... 56 
3.8 Images of fluctuations in transmitted RF signal powers for the cases of 
€ 
fc  = 200 Hz and 
 
€ 
fc  = 10 Hz ........................................................................................................................ 56 
3.9 Throughput performance versus 
€ 




 = 0.25 ...................................... 57 
3.10 Images of fluctuations in received RF signal powers for case (a), for large 
€ 
fc  and small  
 
€ 
fc , but a same 
€ 
σ i
2 ............................................................................................................. 57 




 for cases (a) and (b) (
€ 
fc  = 50 Hz)........................... 58 




 and small 
€ 
σ i
2, but a same 
€ 
fc ............................................................................................. 58 
3.13 Two kinds of indoor radio propagation environments, (a) corridor and (b) small room. 60 
4.1 Configuration of WDM RoFSO downlink....................................................................... 67 
4.2 Optical transmission loss Lopt versus CNDR characteristics for EA with fixed OMIs and 
 WOPA with fixed OMIs for (a) Case I and (b) Case II ................................................... 76 
4.3 RoFSO link distance d versus CNDR characteristics for EA with fixed OMIs and WOPA 
 with fixed OMIs for (a) Case I and (b) Case II ................................................................ 77 
4.4 Optical transmission loss Lopt versus CNDR characteristics for EA with optimum OMIs  
 and WOPA with optimum OMIs for (a) Case I and (b) Case II ...................................... 84 
4.5 RoFSO link distance d versus CNDR characteristics for EA with optimum OMIs and  




ACLR adjacent channel leakage ratio 
AGC automatic gain control 
AFD average fade duration 
AOA angle-of-arrival 
AP access point 
ASE amplified spontaneous emission 
BER bit error rate 
CBR constant bit rate 
CCS central control station 
CDF cumulative distribution function 
CNDR carrier to noise-plus-distortion ratio 
CNR carrier-to-noise ratio 
CW continuous wave 
DD direct detection 
DEMUX demultiplexer 
DTV digital terrestrial television 
DWDM dense wavelength division multiplexing 
EA equal allocation 
EDFA erbium-doped fiber amplifier 
E/O electrical-to-optical 
FPM fine pointing mirror 
FSO free space optics 
IF interface 
IM intensity modulation 
IMD intermodulation distortion 
IMD3 third order intermodulation distortion 
LCR level crossing rate 
LD laser diode 
xii 
LTE long term evolution 
MSE mean square error 
MUX multiplexer 
NF noise figure 
OMI optical modulation index 
O/E optical-to-electrical 
PD photodiode 
PDF probability density function 
PSD power spectral density 
PSI power scintillation index 
QPD quadrant photodiode 
RIN relative intensity noise 
RBS radio base station 
RoF radio on fiber 
RoFSO radio on free space optics 
Rx receiver 
SMF single-mode fiber 
SNR signal-to-noise ratio 
Tx transmitter 
WCDMA wideband code division multiple access 
WDM wavelength division multiplexing 
WiMAX worldwide interoperability for microwave access 
WLAN wireless local area network 
WOPA WDM optical power allocation 






Recently, various types of wireless services such as cellular, wireless local area network (WLAN), 
and digital terrestrial broadcasting services are widely spread in our society. The advance in 
electronics technology rapidly progresses high performance, miniaturization and price reduction of 
communication device, and a variety of mobile communication terminals such as smart phone and 
tablet PC become widely used. In this situation, users want to promptly access any communication 
services as they wish at any time, any place and any situation, and such demands are increasing 
without intermission. This is called ubiquitous networks and/or wireless cloud services. 
In current wireless networks, such wireless services are offered independently by their own radio 
stations and networks, and many wireless networks have been deployed to meet the increasing demand. 
This leads redundant equipments and the increase of their maintenance cost, and also prevents the 
quick start of new wireless services such as worldwide interoperability for microwave access 
(WiMAX), long term evolution (LTE), and 4G [1, 2]. Especially, in rural areas, these problems are 
conspicuous since broadband fiber-infrastructures have not yet been constructed due to their low 
investment efficiency. Consequently, a huge gap for investment in broadband communication 
infrastructures between urban and rural areas still remains to date in Japan. For example, in urban 
areas with optical fiber network, broadband internet services over wire and wireless access are 
abundant, and there are few fringe areas for digital terrestrial broadcasting service. In rural areas, 
however, there are awfully few cellular base stations.  
Radios on fiber (RoF) technologies have become one of the strong candidates realizing a cost 
effective universal platform for wireless access networks. Fig. 1.1 shows a basic configuration of the 
RoF links. The RoF is totally an analog transmission system since it transmits radio signals to remote 
stations with keeping their radio formats, such as carrier frequency and modulation format, unlike 
conventional optical networks transmitting digital signal. Since all signal processing is performed in 
the central control station (CCS), a radio base station (RBS) needs to equip only optical-to-electrical 
(O/E) and electrical-to-optical (E/O) converters to receive/transmit radio signals in each radio zone,?
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optical signals are converted into the radio signals by the direct detection at a photo diode (PD). 
Therefore, a RoF link can transmit various types of radio services regardless of their radio and 
baseband formats. Recently, it has been introduced to reduce the dead-zones like tunnel, in-building, 
and underground at urban areas [3]. 
A radio wave is transmitted to other spaces such dead zones through a RoF link. In practice, 
however, degradation in quality of radio signal occurs due to the nonlinearity of the LD and the 
dispersion in fiber. Furthermore, it is difficult to deploy fiber networks fundamentally in any place. As 
shown in Fig 1.2, when constructing RoF networks, there are difficulties in respects of the investment 
efficiency to construct RoF links on some areas with geographical obstacles, such as river, road, and 
so on. Also, when a RoF link is destroyed by a natural disaster such as a strong earthquake, big flood, 
or so on, it is expected to spend a long time and high cost in the restoration.  
Fortunately, free space optics (FSO) technology can be an alternative method for RoF link 
constructions, because fundamentally an optical wireless technology transmits modulated optical 
signals over free space just like atmosphere to implement point-to-point link without optical fiber 
medium. When compared with optical fiber systems such as RoF, free space optics (FSO) systems 
have a variety of advantages. It can be deployed much faster and easily without the need of laying 
optical fiber and without any geographical limitation. When compared with wireless systems using 
radio wave, the license for operation is not required in FSO system [7-11]. Therefore, FSO system has 
been developed as a promising technology for realizing optical wireless link providing the same 
capacity with optical fiber system in carrying radio signals. Recently, thanks to its attractive advantage 
of high-capacity communication without geographical restriction, its use is being extended to a 
short-range wireless connectivity such as among buildings and a mobile entrance link for mobile 
phone base station in urban areas and disadvantageous areas with difficulties in optical fiber 
construction [10, 11]. However, FSO link performance is largely affected by weather conditions such 
as rain, fog, snow, and atmospheric turbulence. 
Fig. 1.3 (a) and (b) show the concepts of conventional FSO system, and radio on free space optical 
(RoFSO) system that is focused in the thesis, respectively. Conventional FSO system needs to perform 
O/E conversion of optical digital signal transmitted over optical fiber at the FSO transmitter, and E/O 
conversion before emission of optical signal to atmosphere. The O/E and E/O conversions are also 
necessary to be performed before the FSO receiver transmits the optical signal received from the 
atmosphere to optical fiber. In order to transmit multiple wireless service signals, optical fibers, FSO 
transmitters and receivers were necessary to be installed as many as the number of transmitted 
wireless service signals. Conventional FSO system generally operates 800 nm optical wavelength 
band. Unfortunately, because of limitations in output optical power and modulation bandwidth of the 
LD in this wavelength band, it is difficult to operate at the data rate of more than 2.5 Gbits/s [9, 12,  
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atmospheric conditions have to be considered in designing a RoFSO system. Many pioneering works 
of design and performance evaluation on FSO systems have been almost based on the statistical 
analysis of atmospheric attenuation. Optical power loss due to atmospheric attenuation was calculated 
by using the visibility collected during several years at a few airports in Japan [11], America [21], and 
Europe [22]. The FSO link availability and the link margin were estimated on the basis of the results. 
In addition, a laser beam propagating through the free space like the atmosphere undergoes the 
cumulative effect of a large number of refractive inhomogeneities. It may lead to fluctuation in 
received optical intensity, referred as optical scintillation. Optical power loss due to optical 
scintillation is modeled by using the Rytov’s theory [23]. Actually, margins of most FSO systems 
were estimated to compensate for atmospheric attenuation, because the links of more than 99.9% 
availability typically have enough margin to compensate for large atmospheric attenuation, and it was 
more than enough margin to compensate for optical scintillation [24].  
The seamless connection is one of most attractive characteristics in RoFSO system, but it naturally 
brings out a demerit that RoFSO link performance is considerably degraded by the fluctuation in 
received optical intensity, referred as optical scintillation. While the conventional FSO systems focus 
the received optical beam on a PD with its detection area of 0.2 ~ 0.5 mm diameter, RoFSO system 
has to directly couple the received optical beam into a single-mode fiber (SMF) core with its diameter 
of 8 ~ 10 µm. Since optical beam focusing area is extremely smaller than that of conventional FSO 
system, the fluctuation in received optical intensity may be enhanced by angle-of-arrival (AOA) due to 
atmospheric turbulence. Consequently, RoFSO link performance is more sensitive to optical 
scintillation than conventional FSO system. Because of these differences in configurations and 
characteristics between conventional FSO system and RoFSO system, the results obtained in previous 
works for the conventional FSO systems cannot be directly applicable to RoFSO system. Therefore, 
design and performance evaluation of RoFSO system are newly required. 
Based on the background, the objective of this thesis is to study design and performance evaluation 
of RoFSO communication system for radio signal transmission. The rest of the thesis is organized as 
the following four chapters: 
Chapter 2 proposes models of optical scintillation and optical transmission loss for design and 
performance evaluation of RoFSO system. Firstly, a spectral model of optical scintillation [25] 
applicable to RoFSO system is proposed, which enables us to estimate the spectral parameters of 
cutoff frequency and spectral slope in the power spectral density (PSD) of optical scintillation from a 
given conditions of time-zones, temperature, and rainfall intensity. Dependencies of the spectral 
parameters on the weather parameters, and the difference between daytime and night are investigated 
[25-28]. Secondly, dependency of scintillation index on the weather parameters is investigated for 
FSO system, and the results are extended to estimate the scintillation index for RoFSO system [26-28]. 
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Thirdly, a new optical transmission loss model [29] applicable to RoFSO system is proposed on the 
basis of measured data in a long-term experiment of RoFSO transmission. Estimation of RoFSO link 
margin is conducted by the use of the model. 
Chapter 3 evaluates the effect of optical scintillation on the system performance, especially on the 
throughput of WLAN signal transmitted over RoFSO system [30-33], because it is expected that 
WLAN system is susceptible to the effect of optical scintillation due to its high bit rates and 
modulation level. In this analysis, both optical intensity fluctuation speed and strength are considered. 
The normalized Gamma distribution is introduced as a statistical model of optical scintillation in the 
analysis [34]. Time-correlated optical scintillation model [30-33] is proposed, which can express the 
time correlation characteristic and the probability density function of optical scintillation. The 
evaluation is performed for the worst case that the scintillation index is largest. Changes of throughput 
performance caused by optical scintillation are quantitatively evaluated [30-32]. Moreover, the 
evaluations under the radio communication environments like office and corridor are also conducted 
[33], and the effects of optical scintillation in RoFSO channel and shadowing in radio channel are 
compared and discussed. 
Chapter 4 proposes WDM optical power allocation method [29, 35, 36] as a design method for 
RoFSO system. The proposed method can effectively guarantee the regulation for each of 
heterogeneous radio signals at a remote station of RoFSO downlink under the condition that total 
optical transmitted power is limited by Eye-safety regulation. To effectively guarantee different 
requirement on each wireless service signal, a ratio of WDM optical power allocation is theoretically 
derived for the fixed optical modulation indexes (OMI) and the optimum OMIs. The results show that 
the proposed method can improve the tolerable optical transmission loss and the achievable RoFSO 
link distance, compared with the equal WDM power allocation method, for the cases of the fixed 
OMIs and the optimum OMIs. 
And, finally chapter 5 summarizes obtained in the original works mentioned previous chapters and 







RoFSO channel model                
for design and performance evaluation 
2.1 Introduction 
Firstly, this chapter proposes a Butterworth type spectral model of optical scintillation for design of 
RoFSO systems. The proposed power spectral density (PSD) model is determined by simple two 
parameters, cutoff frequency and spectral slope. Cutoff frequency and spectral slope are estimated 
from the data of the intensity fluctuation measured in the experiment, and then their dependencies on 
time zone, temperature, and rainfall intensity are examined. The goal of this analysis is to find 
influences of temperature, rainfall intensity, and time zone on the PSD of optical scintillation.  
Secondly, dependencies of the scintillation index on such weather parameters are investigated, 
based on the measured data in the long-term experiment of FSO transmission, and extended to an 
estimation of the scintillation index for RoFSO system. 
Finally, this chapter also proposes an optical transmission loss model for RoFSO systems, based on 
scintillation loss data measured in the long-term experiment of RoFSO transmission, and examines the 
scintillation loss data and its theoretical model. The proposed model is valid for design of DWDM 
RoFSO system operated at 1.5 µm WDM band, which has the 100 GHz grid spacing standardized by 
the ITU-T Recommendation G.694.1. 
 
2.2 Spectral model of optical scintillation 
In designing a terrestrial FSO system, the frequency characteristic of optical scintillation is one of 
the most important factors. For example, in a terrestrial FSO link transmitting digital data at high 
speed of up to several Gbps, a deep and long-term fading in optical intensity results in considerable 
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burst errors in the received data. In compensating for the intensity fluctuations by using an automatic 
gain control (AGC) function of an optical amplifier at an optical receiver side, the slower response 
speed of the AGC causes degradation in the link performance. Many previous works on such 
terrestrial FSO systems have focused on its design or performance evaluation [23, 37, 38]. Ref. [23] 
analyzes the FSO link availability considering the atmospheric effects, and Ref. [37] examines FSO 
link performance related parameters through a field experiment. Ref. [38] experimentally evaluates 
performances of simultaneous transmissions of multiple RF signals over a RoFSO link.  
For the system evaluation or design in these researches, although the intensity fluctuations 
represented by the scintillation index or the refractive index structure constant 
€ 
Cn2  has been 
considered, frequency characteristics of optical scintillation have not been considered. 
Recent terrestrial FSO links such as RoFSO link directly focus a received optical beam into a core 
of single-mode fiber (SMF) [18-20, 37-43] that is much smaller than the detection area of PDs. 
Therefore, a higher ability to track beam’s angle-of-arrival (AOA) is strongly needed in FSO link. 
Refs. [42] and [43] present some samples of power spectra of the optical scintillation in a conventional 
FSO system operating at 800 nm wavelength and a FSO system with the seamless connection 
operating at 1550 nm wavelength, and describe the correlation between them. They focus on effective 
tracking and beam steering to the SMF for frequency above 100 Hz. However, cutoff frequency has 
not been studied in the pioneering works on RoFSO systems. An estimation model of optical 
scintillation’s spectrum, especially its cutoff frequency is necessary to achieve an adequate capacity of 
AGC and the beam tracking.  
Many studies focused on the power spectral density (PSD) of optical scintillation have been carried 
out. Ref. [44] considers the temporal frequency spectrum of the amplitude of a plane wave 
propagating through atmosphere, and the asymptotic forms for the temporal frequency spectra for 
plane and spherical waves are developed in Refs. [45-47]. From the formulas, it is found that the 
spectra for both waves depend on the wind velocity. Refs. [45] and [46] also characterize a spectrum 
of optical scintillation by cutoff frequency, and figure out the ratio of the cutoff frequency value to 
wind velocity component vertical to the directions of optical propagations length of 1 km and 2 km. In 
Ref. [48], dependency of optical scintillation frequency characteristics on the wind velocity is also 
described. It quantitatively evaluates the relationship between the cutoff frequency of optical 
scintillation and the wind velocity component vertical to the direction of an optical propagation in 
cases of some different path lengths and heights. Refs. [49] and [50] derive general formulas for the 
temporal frequency spectra of amplitude fluctuations for plane and spherical waves, and extend them 
to beam wave case. Ref. [50] also presents a spectral model using the average and the fluctuation of 
wind velocity and obtains the frequency spectral slope proportional to f –8/3 for a plane wave.  
The PSD of the optical scintillation varies directly with wind velocity. Variation period of the wind 
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frequencies and spectral slopes of optical scintillation for different weather conditions through fitting 
the autocorrelation of the impulse response of Butterworth filter to the measured autocorrelation 
€ 
φii (τ ). The 
€ 
φii (τ ) is derived by 
€ 
φii (τ ) = ′ φ ii (τ )/ ′ φ ii (0) , where 
€ 




The power transfer function of Butterworth filter is given by 
€ 
B( f ) 2 = 1
1+ f / fc( )
2N , (2.1) 
where 
€ 
fc  is the cut-off frequency, and 
€ 
N  is the slope order.  
The impulse response of first, second, and third order Butterworth filter, 
€ 
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φbb (τ ) , is obtained as 
€ 
φbb (τ ) =








2e− 2πfcτ sin 2πfcτ +π /4( ) ;N = 2













Ai (τ ) and 
€ 
Ab (τ ) as the area under the curve of 
€ 
φii (τ ) and 
€ 
φbb (τ )  respectively, 
€ 
Ai (τ ) = φii (τ )dτ0τ∫
Ab (τ ) = φbb (τ )dτ0τ∫
.                                                          (2.4) 
We derive a pair of approximated 
€ 
N  and 
€ 
fc  satisfying the following equation, 
€ 
Ai (τ 0 ) = Ab (τ 0 ),                 (2.5) 
in the sense of 
€ 
φii (τ )−φbb (τ ){ }
2dτ0
τ0∫ = 0 , where 
€ 
τ 0  is the first zero-crossing time of 
€ 
φii (τ ). Eq. 
(2.5) means that the areas of the two waveforms of 
€ 
φii (τ ) and 
€ 
φbb (τ )  are identical. In general, 
€ 
φii (τ ) is small enough to disregard for a large 
€ 
τ .  
Fig. 2.4 (a), (c), and (d) show some examples of measured 
€ 
φii (τ ), and 
€ 
φbb (τ )  satisfying Eq. (2.5). 
The approximated 
€ 
φbb (τ )  is obtained as follows. It is seen from these figures that the value of 
€ 
φii (τ ) 
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in 
€ 





φbb (τ )  which fits to 
€ 
φii (τ ) by making their areas identical within the integral range of 
€ 
0 ≤ τ < τ 0 . Each 
€ 
fc  for N = 1, 2, and 3 is respectively derived. Then, we select one of 
autocorrelations to minimize the time averaged squared error, 
€ 
Δ , between the two waveforms of 
€ 
φii (τ ) and 
€ 
φbb (τ ) , where the 
€ 





φii (τ )−φbb (τ ){ }
2dτ0
τ0∫ .                  (2.6) 
 
2.2.2.2 Evaluation of approximation 
Fig. 2.4 (a), (c), and (e) depict some examples of measured 
€ 
φii (τ ) derived from experimental data 
and their approximations 
€ 
φbb (τ ) . In the fitting, firstly, we calculate autocorrelation of normalized 
€ 
i(t)  by its mean value, 
€ 
φii (τ ), from data obtained in the experiment as shown in Fig. 2.2. Next, we 
estimate cutoff frequency 
€ 
fc  and spectral slope 
€ 
N  in the PSD by fitting 
€ 
φbb (τ )  to 
€ 
φii (τ ) through 
the process as described previously. It is observed that 
€ 
φbb (τ )  is well matched with 
€ 
φii (τ ). Therefore, 








Si ( f ), as plotted 
in Fig. 2.4 (b), (d), and (f), respectively. For these samples, 
€ 
fc  of 9.164 Hz, 18.765 Hz, and 37.215 
Hz are found respectively, and 
€ 
N  of 1 is found in all the cases. For these samples, 
€ 
Δ  was 0.0004, 
0.0004, and 0.0002, respectively. It is found that the Butterworth-type PSD shows good approximation 
for the PSD of optical scintillation. 
Fig. 2.5 (a) and (b) show examples of variations of measured temperature 
€ 
θ (°C), rainfall intensity 
€ 
R (mm/h), and 
€ 
fc(Hz) measured from 31 January 2006, 12:00 to 1 February 2006, 18:00, and from 4 
August 2006, 6:00 to 5 August 2006, 6:00, respectively. Each value of 
€ 
fc  plotted in the figures 
denotes the value obtained from each period of experimental data through the approximating process 





N  corresponding to each period of FSO experimental data.  
Now, the performance of the approximating process is evaluated in terms of 
€ 
Δ  by the weather 




Δ , by combined weather conditions of 
€ 
θ  and 
€ 
R  in all day, daytime, and night in Table 2.2. The 
€ 






∑ ,                   (2.7) 
where 
€ 
D  denotes the total number of periods corresponding to combined weather parameters. We 
summarize each number of periods under several combined weather conditions of 
€ 
θ  and 
€ 
R  in 
Table 2.1. 
€ 
Δ j  is one of 
€ 
D  number of 
€ 
Δ s. For example, there are 
€ 
D  = 4176 periods of 
experimental data measured under the combined condition of 
€ 
θ  < 10 and 
€ 
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day. 
€ 
Δ j  for each period of data measured under the condition is calculated by Eq. (2.6), and then 
their sum divided by 4176 is 0.0049. It is found that 
€ 
Δ  between 
€ 
φii (τ ) and 
€ 
φbb (τ )  yielded has the 
values from 0.0022 to 0.0155. The 
€ 
Δ  over all periods is 0.0044. 
 
2.2.3 Dependency of fc and N on weather parameters 
If 
€ 
fc  and 
€ 
N  can be estimated from some sort of conditions of a FSO link, we are able to estimate 
the PSD of optical scintillation with the Butterworth-type PSD. The characteristics of 
€ 
fc  and 
€ 
N  
depend on weather conditions, so their relationship among them is important.  
In Fig. 2.5 (a) and (b), it is found that 
€ 
fc  changes according to each variation of 
€ 
θ  and R on a 
long time scale. In this section, we estimate 
€ 
fc  and 
€ 
N  under a same weather condition such as 
temperature 
€ 
θ  and rainfall intensity 
€ 
R  as 
€ 
fc  and 
€ 
N , respectively. 
€ 
fc  and 
€ 
N  denote 
averages of 
€ 
fc  and 
€ 
N , respectively. Differences of their values between daytimes (9:00 ~ 16:00) and 
night (0:00 ~ 4:00, 19:00 ~ 24:00), and their stats also are presented. On the basis of the results, we 
model the spectrum of optical scintillation. 
Since there are a number of data in each identical condition of 
€ 
θ  and 
€ 
R  as shown in Table 2.1, 
averaging period for measured data is enough long for the change of wind velocity. Therefore, it 
should be noted that the effect of wind is eliminated in the results presented in this section. 
 
2.2.3.1 Dependency of fc and N on temperature  




P( fc ), for temperature 
conditions of 
€ 
θ  < 10, 10 ≤ 
€ 
θ  < 20, 20 ≤ 
€ 
θ  < 30, and 30 ≤ 
€ 
θ  in cases of daytime, night and all day, 
respectively. We summarized each value of 
€ 
X  for those conditions in Fig. 2.7, where 
€ 
P( fc < X )  = 
0.8. While values of 
€ 
X  for 
€ 
θ  < 10 and 30 ≤ 
€ 
θ  are relatively larger than those for the other range of 
€ 
θ  at daytime, the value of 
€ 
X  decreases as 
€ 
θ  increases at night. The values of 
€ 
X  at daytime are 
similar or more than those at night. Especially, the difference between the two cases is 29.5 Hz which 
is the largest when 30 ≤ 
€ 
θ . If 
€ 
θ  < 10 or 30 ≤ 
€ 
θ  during the daytime, optical scintillation fluctuation is 
faster than in the other ranges of 
€ 
θ . However, optical scintillation has the slowest fluctuation when 30 
≤ 
€ 
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spectral model of 
€ 
f −8 /3 [50]. 
 
2.2.3.2 Dependency of fc and N on rainfall intensity  
Fig. 2.9 (a), (b), (c), (d), and (e) show 
€ 
P( fc ) for rainfall intensity conditions of 
€ 
R  = 0, 0 <
€ 
R  ≤ 3, 3 
< 
€ 
R  ≤ 6, 6 < 
€ 
R  ≤ 9, and 9 < 
€ 
R  for the cases of daytime, night and all day, respectively. We 
summarized each value of 
€ 
X  for those conditions in Fig. 2.10, where 
€ 
P( fc < X)  = 0.8. It is found 
that for any time zone, probability of higher fc increases as 
€ 
R  increases up to a certain level of 
€ 
R , 
and then probability of higher fc decreases as 
€ 
R  increases when 
€ 
R  exceeds that level. For the case 
of daytime, 
€ 
X  increases up to 100.0 Hz as 
€ 
R  increases by 3 < 
€ 
R  ≤ 6, it then begins decreasing 
when 
€ 
R  exceeds that range of 
€ 
R  and reaches 65.0 Hz when 9 < 
€ 
R . For the case of night, 
€ 
X  
increases up to 76.0 Hz as 
€ 
R  increases by 6 < 
€ 
R  ≤ 9, and it seems that even though 9 < 
€ 
R , without 
no more outstanding increase or decrease, it becomes saturated as its value of 72.5 Hz, which is 
similar value to that for 6 < 
€ 
R  ≤ 9. 
Each value of 
€ 
X  in case of daytime is larger than that in case of night by 3 < 
€ 
R  ≤ 6, where the 
difference between them is 37.0 Hz which is largest when 3 < 
€ 




X  at night becomes 
larger than that at daytime, there is difference of 5.0 ~ 7.5 Hz between them. 
€ 
X  during rainy period is 
larger than that during no rainy period for any time zone, differences between them are 17.5 ~ 53.5 Hz 
at daytime, 12.5 ~ 68.0 Hz at night, and 16.0 ~ 64.5 Hz for the case of all day, respectively. In short, 
optical scintillation during no rainy period more slowly fluctuates than rainy period.  
For 0 < 
€ 
R  ≤ 3, 
€ 
P( fc ) s in all cases of time zone almost conforms to each other and there is also little 
difference among the values of 
€ 
X  in three cases. Therefore, when 0 < 
€ 
R  ≤ 3, the value of 
€ 
X  can be 
expected as that value in case of all day regardless of time zone. For example, if rainfall intensity 
condition of 0 < 
€ 
R  ≤ 3 is given only, we can expect the 
€ 
X  of 42.5 Hz regardless of current time. In 
contrast, it is necessary to consider time zone for 
€ 
R  = 0 and 3 < 
€ 
R .  
The tendency described above is also observed in Fig. 2.11 (a). In case of daytime, 
€ 
fc  increases 
up to about 57.8 Hz as 
€ 
R  increases by 3 < 
€ 
R  ≤ 6, it then begins to decreases when 
€ 
R  exceeds that 
level, and it becomes about 39.2 Hz when 9 < 
€ 
R . For the case of all day, 
€ 
fc  increases up to about 
49.8 Hz as 
€ 
R  increases by 6 < 
€ 
R  ≤ 9, it decreases up to 43.8 Hz when 9 < 
€ 
R . For the case of night, 
however, 
€ 
fc  increases up to 43.8 Hz as 
€ 
R  increases by 9 < 
€ 
R  without decrease, unlike two cases 
of time zone.  
Fig. 2.11 (b) shows 
€ 
N  for 
€ 
R  for the cases of daytime, night, and all day. The value of 
€ 
N  is 
almost constant as 
€ 
N ≈ 1 for all 
€ 
R  of any time zone, as the result shown in Fig. 2.8 (b). It is found 
that our result approximates to the conventional spectral slope of 
€ 
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2.2.3.3 Estimated values of fc and N under combined conditions of temperature and 
rainfall intensity 
We summarized the estimated value of cutoff frequency in the PSD of optical scintillation, 
€ 
ˆ f c (θ, R) , 
under given combined weather conditions of 
€ 
θ  and 
€ 
R  for the cases of daytime, night, and all day in 
Fig. 2.12 and Table 2.3, where 
€ 
ˆ f c (θ, R)  is defined as the average value of 
€ 
fc  under each combined 
condition, that is, 
€ 
ˆ f c (θ, R) = fc (θ, R)  in this thesis. It should be noted that several blanks in the 
figure and table denote not zero, but that there is no data under the corresponding condition. The 
tendency of 
€ 
ˆ f c  corresponding to 
€ 
θ  under condition of 
€ 
R = 0  agrees with results shown in Fig. 6, 
Fig. 7, and Fig. 8 (a) in Sec. 2.2.3.1. However, there are some cases that disagree with such tendency 
under condition of 
€ 
R ≠ 0. For example, for 3 < 
€ 
R  ≤ 6 for the case of all day, it is observed that 
€ 
ˆ f c  
decreases as 
€ 
θ  increases. When 
€ 
θ  is only considered, the tendency of 
€ 
ˆ f c  corresponding to 
€ 
θ  
agrees with such tendency, because that the number of data measured for each range of 
€ 
θ  under 
condition of 
€ 
R = 0  is much more than under the condition of 
€ 
R ≠ 0 . Especially, it was extremely 
rare for it to be 30 ≤ 
€ 
θ  while 
€ 
R ≠ 0 . Except for the cases of 10 < 
€ 





ˆ f c  according to 
€ 
R  agrees with results shown in Fig. 9, Fig. 10, and Fig. 11 (a) in Sec. 
2.2.3.2.  
With regard to spectral slope, estimated value of 
€ 
N  is 1 which is denoted as 
€ 
ˆ N =1, regardless of 
€ 
θ  and 
€ 
R , where 
€ 
ˆ N  is defined as 
€ 
ˆ N = N(θ, R) . In Secs. 2.2.3.1 and 2.2.3.2, we have observed that 
€ 
N  is almost constant as 
€ 
N ≈1 in any ranges of 
€ 
θ  and 
€ 
R  of any time zone, and the result 
















ˆ f c (θ, R) , under combined weather conditions of 
€ 
θ  and 
€ 
R  for the 
cases of (a) all day, (b) daytime, and (c) night. 
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2.2.3.4 Estimating performance of the proposed model 
From our preceding discussion, we approximated PSD of optical scintillation by the proposed 
model of Butterworth type PSD, and have extracted the spectral parameters 
€ 
fc  and 
€ 
N  from the 
experimental data. We then classified the obtained parameters by time zone and weather parameters 
such as temperature and rainfall intensity, and model estimated values of 
€ 
fc  and 
€ 
N  as their average 
value under the given weather parameters and time zone. Therefore, if temperature and rainfall 
intensity are given, we are able to estimate PSD of optical scintillation in a current RoFSO channel.  
In this section, estimating performance of the proposed model of optical scintillation’s PSD is 
evaluated in terms of the mean square error (MSE) defined as following equation, 
€ 






















φii (τ )s in a same weather condition of 
€ 
θ  and 
€ 
R , and 
€ 
τ 0
( k )  is a 
zero-crossing time of 
€ 
φii
( k ) (τ;θ;R)  at first. 
€ 
ˆ φ ii (τ; ˆ f c ; ˆ N )  is an estimated autocorrelation for the given 
conditions, where 
€ 
ˆ f c  and 
€ 
ˆ N  are determined by given 
€ 
θ  and 
€ 
R . For example, when 
€ 
θ  < 10 and 
€ 
R=0 in the daytime, 
€ 
ˆ f c  of 28.2 Hz and 
€ 
ˆ N  of 1 are determined by Table 2.3, they are then 
substituted in Eq. (2.3), thus, 
€ 
ˆ φ ii (τ; ˆ f c ; ˆ N ) = e−56.4πτ  in the condition. The 
€ 
φii
( k ) (τ;θ;R)  may change 





R . Through calculating Eq. (2.8), we investigate estimation error of 
€ 
ˆ φ ii (τ; ˆ f c ; ˆ N ) , a representative 
autocorrelation under a given condition 
€ 
θ  and 
€ 
R , for variation of 
€ 
φii (τ;θ;R) .  
We summarized value of 
€ 
MSE  for each combined weather parameters of 
€ 
θ  and 
€ 
R  in Table 2.4. 
It is found that 
€ 
MSE  has a value between 0.01 and 0.03 on the whole. This table is one of references 
when the estimation error is restricted to be below a certain value in applying the proposed model to 
design a RoFSO link.  
 
2.3 Estimation of scintillation index 
With regard to the scintillation index or the refractive index structure constant 
€ 
Cn2 , there is a 
well-known model referred as Rytov variance [22]. Refs. [22] and [56] developed a model expressing 
the scintillation index as a function of Rytov variance and the ratio of the aperture radius to the Fresnel 
zone size. We need to know the 
€ 
Cn2  value in the current atmospheric channel for the scintillation 
index calculation. Various macrometeorological parameters are required to estimate 
€ 
Cn2 , furthermore, 
there are the limitations to estimate 
€ 
Cn2  in the present situation [51-54]. Consequently, we cannot 
help measuring for a terrestrial FSO system through its transmission experiment. 
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This section investigates dependencies of the scintillation index on such weather parameters are 
investigated, based on measured data in long-term experiment of FSO transmission, and extends it to 
estimated scintillation index for RoFSO system. 
 
2.3.1 Dependency of scintillation index on weather conditions 
Based on measured data in the experiment as shown in Fig. 2.2, we summarized the estimated value 










R  for the cases of daytime, night, and all day in Fig. 2.13 and Table 2.5. The scintillation index 






−1,            (2.9) 
and 
€ 
ˆ σ i2 (θ,R)  is defined as the average value of 
€ 
′ σ i
2  under each combined condition, that is, 
€ 
ˆ ′ σ i 2 (θ,R) = ′ σ i 2 (θ,R) .  
In Fig. 2.13, we found as follows: The values of 
€ 
ˆ ′ σ i 2 (θ,R)  at daytime are larger than those at night 
on the whole. It means that during daytime, the atmospheric turbulence is stronger than night. We 
expect that it is because at night, temperature difference between the air and ground is smaller than 
daytime. When 
€ 
R  = 0, the difference between them is the largest, and when 
€ 
R  > 0, both 
€ 
ˆ ′ σ i 2 (θ,R)  
values become very similar. It means that for a rainy day, the atmospheric turbulence become weak 
daytime and night. While at daytime, 
€ 
ˆ ′ σ i 2 (θ,R)  value increases as 
€ 
θ  increases on the whole, 
€ 
ˆ ′ σ i 2 (θ,R) value decreases as 
€ 
θ  increases for the case of 
€ 
R  = 0 and night. It is very similar to the case 
of 
€ 
fc . We expect that amplitude of optical scintillation is smaller as temperature fluctuations become 
lower, and 
€ 
CT  is relatively smaller for higher 
€ 
θ  at night, like the tropical night, thus 
€ 
′ σ i
2  will be 
relatively small. 
 
2.3.2 Estimated scintillation index for RoFSO system 
It should be noted that Fig. 2.13 and Table 2.5 are valid for FSO system shown in Fig. 2.2. Ref. [57] 
compares the power scintillation indexes (PSI) for FSO and RoFSO systems. Under moderate to 
strong turbulence conditions, the PSI of RoFSO system 
€ 
σ P
2  can be derived as 
€ 
σ P
2 = ′ σ P
2 + β , where 
€ 
′ σ P
2  is the PSI for FSO system and 
€ 
β  is an additional fading factor due to direct coupling. From the 
experimental results given in Ref. [57], it is found that 
€ 
β  of 0.25 is presumed to the RoFSO system. 
Assuming that 
€ 
β  is constant as its value of 0.25, and a statistical model of optical scintillation as the 
normalized Gamma distribution [58, 59], the scintillation index for RoFSO system 
€ 
σ i
2 can be 
estimated from that for FSO system 
€ 
′ σ i
2  using the characteristics function [60] of the normalized  



















ˆ ′ σ i 2 (θ,R), under combined weather conditions of 
€ 
θ  and 
€ 
R  for the 



















ˆ σ i2 (θ,R) , under combined weather conditions of 
€ 
θ  and 
€ 
R  for the 
cases of (a) all day, (b) daytime, and (c) night. 
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12 ϕ − 5+ ϕ
2 +14ϕ +1( ) , (2.10)       (2.10) 
where 
€ 
ϕ  is derived as  
€ 
ϕ =
1+ 6 ′ σ i 2 +11 ′ σ i 4 + 6 ′ σ i 6
( ′ σ i 2 +1)2
+ 0.25 . (2.11) 
We then can derive the estimated scintillation index for RoFSO system 
€ 
ˆ σ i2 (θ,R)  by substituting 
€ 
ˆ ′ σ i 2 (θ,R) given in Fig. 2.13 and Table 2.5 into Eqs. (2.10) and (2.11), under the assumption. It should 







2  in Eq. (2.10) when 
€ 
β  = 0. We summarize the estimated scintillation index for 
RoFSO system in Fig. 2.14 and Table 2.6. 
 
2.4 Optical transmission loss model 
In this section, we propose a new optical transmission loss model for RoFSO system Lopt, which is 
represented by 
€ 
Lopt (d) = Latm (V ,d)+ Lgeo(d)+ Lscin (d)+ Ltra (d)  [dB],   (2.12) 
where Lopt(V,d), V, d represent the atmospheric attenuation loss caused by absorption or scattering, the 
visibility, and RoFSO link length, respectively. Lgeo(d) is the optical geometric loss due to broadening 
of the laser beam. Lscin(d) and Ltra(d) respectively represent the scintillation loss and the tracking error 
loss, and both are caused by the atmospheric turbulence.  
 
2.4.1 Atmospheric attenuation loss and optical geometric loss 
2.4.1.1 Atmospheric attenuation loss 
In conventional FSO systems, the performance is typically dominated by the atmospheric 
attenuation, which is primarily caused under a low visibility condition like fog, snow weather [24]. 
The atmospheric attenuation loss is inversely proportional to the transmittance, which is described by 
the Beers-Lambert law represented as [11, 13, 61]  
€ 











In Eq. (2.13), P(0) and P(d) are the optical intensities at the source and at a distance d, respectively. V 
and d respectively represent the visibility given in kilometer and RoFSO link length, and 
€ 
α  is the 
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q is the particle size distribution coefficient. The latest investigations indicate no wavelength 
dependence of the atmospheric attenuation coefficient under foggy conditions, where the visibility is 
€ 
V  < 500m. A new method for evaluating the particle size distribution coefficient that considers this 
fact was proposed by Kim et al., [13] 
€ 
q(V ) =
1.6 :V > 50
1.3 : 6 <V ≤ 50
0.16V + 0.34 :1<V ≤ 6
V − 0.5 : 0.5 <V ≤1










Further studies of atmospheric attenuation loss caused by scattering were conducted by a number of 
other authors. Naboulsi proposed relationships for atmospheric attenuation loss caused by radiation 
and advection fog for wavelengths from 690 nm to 1550 nm and for visibilities from 50 m to 1000 m 
[62, 63]. 
Since the phenomena like absorption and scattering occur independing on the small beam focusing 
area of RoFSO system, Eq. (2.13) is directly applicable to the optical transmission loss model for 
RoFSO system given in Eq. (2.12). 
 
2.4.1.2 Optical geometric loss 
The optical geometric loss occurs due to the spreading of the transmitted beam between the FSO 
transmitter and the FSO receiver. Typically, the optical beam spreads to a larger size than the receive 
aperture, and then this overfill energy is lost. In general, larger receive apertures or smaller transmit 
divergences reduce the optical geometric loss for a give link distance, that is, the optical geometric 
loss depends on the optical antenna structure. For a uniform transmit power distribution with specific 











  [dB],   (2.16) 
where 
€ 
DRX  and 
€ 
DTX  are diameters of the optical transmitter and optical receiver, respectively, and 
€ 
θdiv  represents the divergence angle of the transmitter laser beam.  
It should be noted that Eq. (2.16) is appropriate for only FSO systems, and is not typically used in 
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microwave system design where geometric loss is based on assumptions for transmit beam diffraction 
as limited by the antenna.  
Since the optical geometric loss depends on the apertures of optical antennas and the phenomenon 
like beam broadening is independent on the small beam focusing area of RoFSO system, Eq. (2.16) 
can be directly substituted into Eq. (2.12). 
 
2.4.2 Scintillation loss and tracking error loss 
Besides the effects of optical scintillation in conventional FSO systems, RoFSO system using 
seamless connection between SMF and free space is also affected by the fluctuations of the angle of 
arrival (AOA). Because of this, the location of the optical images on the focal plane of receiver 
antenna changes randomly. Therefore, conventional model on optical losses caused by atmospheric 
turbulence is not directly applicable to RoFSO system. In this section, we drive an appropriate 
scintillation loss model for RoFSO system based on a long-term experiment of RoFSO transmission. 
 
2.4.2.1 Examination of scintillation loss models 
There is the well-known scintillation loss model using the refractive index structure constant 
€ 
Cn2  as 
its parameter, and it is given by the following equation [65],  
€ 
Lscin (d) = 2 23.17k 7 /6Cn2d11/6  [dB].  (2.17) 
In Eq. (2.17), 
€ 
k = 2π /λ  represents the wave number. Eq. (2.17) will be referred to “Old Model” in 
the thesis.  
Old model is only applicable for the case of weak turbulence and it has not taken the saturation 
phenomenon of scintillation into consideration. It is known that the scintillation index increases with 
the increasing of Rytov variance 
€ 
σ R
2 =1.23Cn2k 7 /6d11/6  [65, 66], until it reaches a maximum value 
greater than unity in the regime characterized by random focusing, so called because the focusing 
caused by large scale inhomogeneities achieves its strongest effect. With increasing path length or 
inhomogeneity strength, the focusing effect is weakened by multiple scattering, and the fluctuations 
slowly begin to decrease, saturation at a level for which the scintillation index approaches unity from 
above. Qualitatively, saturation occurs because multiple scattering causes the optical wave to become 
increasingly less coherent as it propagates, eventually appearing like extended multiple sources, each 
scintillating with a distinct random phase. This phenomenon is referred as aperture averaging effect 
[65, 67-70].  
Recently, Giggenbach et. al., developed a scintillation loss model for FSO systems using the power 
scintillation index as its parameter, it is given by the following equation [71], 
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€ 
Lscin (d) = 4.343 erf −1(2Pthr −1) ⋅[2 ln(σ P2 +1)]1/2 −
1
2 ln(σ P






In Eq. (2.18), Pthr is the fraction of outage time and equals the probability that the actual power fall 
below the threshold minimum received optical power, and erf –1 is inverse error function. 
€ 
σ P
2  is the 




2 = exp 0.20σ R
2
[1+ 0.81D2 + 0.20(σ R2 )6 /5 ]7 /6
+
0.21σ R2 [1+ 0.24(σ R2 )6 /5 ]−5 /6








             
(2.19) 
In Eq. (2.19), 
€ 
D = DRX (π /2λd)1/2  is the ratio of the aperture radius to the Fresnel zone size, 
€ 
σ R
2 =1.23Cn2k 7 /6d11/6  is Rytov variance, DRX is aperture diameter of the receiving antenna. Eq. (2.18) 
will be referred to “New Model” in the thesis. Unlike Old Model, New Model takes the saturation of 
scintillation caused by aperture averaging effect into consideration [71].  
2.4.2.2 Experimental setup for measuring scintillation loss and tracking error loss  
We have conducted an experimental demonstration of RoFSO transmission for a long-term from 
April 2008 to February 2009 at Waseda University in Tokyo. Fig. 2.15 illustrates the experimental set 
up for DWDM RoFSO transmission. Two RoFSO antennas are installed on the rooftop of two 
buildings at Waseda University campus. The transmission distance is 1km. The system consists of two 
interface units, an optical interface unit (Optical IF unit) and a RF interface unit (RF IF unit). RF 
interface unit consists of a RoF module to perform E/O conversion for RF signals and other control 
circuits. The transmitted optical signals from the RF interface units are matched with the ITU grid 
wavelength of a 100 GHz space [72]. The optical interface unit consists of a DWDM 
multi/de-multiplexer, booster/post EDFA and optical circulator to separate transmitting/receiving 
optical signals. In the experiment, multiple RF signals including 3G cellular, WLAN (802.11g and 
802.11a), and digital terrestrial television broadcasting (DTV) are simultaneously transmitted over the 
link. The specifications of RoFSO equipment and optical antenna are summarized in Table 2.7. Its 
detailed design features and operation of the DWDM RoFSO system have been reported in Ref. [73, 
74].  
At the same time, we have performed an experiment of continuous wave (CW) optical beam 
transmission over the RoFSO link. The scintillation loss caused by atmospheric turbulence is 
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Fig. 2.15: Experimental setup for RoFSO transmission. 
 
Table 2.7: Specification of RoFSO equipment and optical antenna 
 
Operating optical wavelength 1550 nm (ITU-T C band) 
WDM 4 wavelengths 
Optical transmission power 20 dBm per wavelength 
Antenna aperture diameter 80 mm 
Fiber-air coupling loss 5 dB 
Beam divergence 47.3 µrad 
Fiber coupling technique Direct coupling using FPM* 
Beam tracking method 
Automatic using QPD 
Course tracking using beacon at 850 nm 
Fine tracking using signal at 1550 nm 
        *FPM (Fine Pointing Mirror) used for control and steering the optical beam  
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optical transmission loss model in given in Eq. (2.12) is applied to the RoFSO link shown in Fig. 2.15. 
It should be noted that scintillation loss in the RoFSO system is larger than that in the conventional 
FSO system due to the effect of AOA fluctuations. The tracking scheme is expected to compensate for 
this fluctuation, however, in the practice it is impossible to avoid the tracking loss error because the 
moving of the tracking mirror is not completely matched with the change of incoming beam point. It is 
known that the tracking error loss considerably depends on a capacity of a tracking device [24, 75]. 
We have measured the tracking error loss by comparing fading losses measured in the conventional 
FSO system and the RoFSO system, which are co-located on the rooftop. In the experiment, it is found 
that the tracking error can increase up to 8 dB at the time of noon when the atmospheric turbulence is 
strongest, and thus we assumed 8 dB of tracking error loss when the proposed optical transmission 
loss model in given in Eq. (2.12) is applied to the RoFSO link shown in Fig. 2.15. 
 
2.4.3 Estimation of RoFSO link margin 
In this section, RoFSO link margin is estimated on the basis of the proposed optical transmission 
loss model.  
Fig. 2.17 shows the required link margin for scintillation loss, optical geometric loss, and tracking 
error loss, 
€ 
− Lscin (d)+ Lgeo (d)+ Ltra (d){ }. The scintillation loss is based on New model given in Eq. 
(2.18), and three types of curves for the refractive index structure constant of 
€ 
Cn2  = 5?10-13, 1?10-13, 
5?10-14 are plotted in Fig. 2.17. The tracking error loss is added on the basis of the following 
observation: The link margin of 8 dB to compensate for the tracking error in the case of the link 
distance is 1 km under strong turbulence condition. Tracking error loss will depends on the link 
distance. However, the scintillation will saturate after 1 km transmission under strong turbulence by 
aperture averaging effect. When the scintillation is saturated, the tracking error is considered to be also 
saturated. This means that for the link distance of more than 1 km, the margin of 8 dB is enough for 
the tracking error loss. When the transmission is less than 1 km, the tracking error increases together 
with the scintillation loss. 
The required link margin for atmospheric attenuation loss 
€ 
−Latm (V ,d) is also plotted in Fig. 2.17, 
where the margin for 
€ 
V  = 0.85km is assumed to design conventional FSO link with availability of 
99.9 % [76].  
Under strong turbulence condition of 
€ 
Cn2  > 5?10-14, 
€ 
Lscin (d)+ Lgeo (d)+ Ltra (d)  becomes larger 
than 
€ 
Latm (V ,d)  at the link distance of around 1 km, and thus 
€ 
Lscin (d)+ Lgeo (d)+ Ltra (d)  dominates the 
total optical transmission loss 
€ 
Lopt (d), as shown in Fig. 2.17. Strong turbulence of 
€ 
Cn2  > 5?10-14 
occurs in daytime of clear sunny days [77]. At the same time, the visibility 
€ 
V  has a large value, and 
thus the atmospheric attenuation loss 
€ 
Latm (V ,d)  is small. On the other hand, under low visibility  
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€ 
Mopt (d) as shown in Fig. 2.17.  
Furthermore, the link margin for RoFSO system shown in Fig. 2.17 can be approximately expressed 
as 
€ 
Mopt (d) = −Lopt (d) =
19d + 4 :0 ≤ d <1
7d +16 :1≤ d < 2.667






 [dB].   (2.20) 
Eq. (2.20) is valid for the RoFSO system shown in Fig. 2.15 with the specifications summarized in 
Table 2.7, but the similar modeling with Eqs. (2.12), (2.18), and (2.19) can be applicable to other 
RoFSO system with different specifications or different beam tracking capacity.  
 
2.5 Concluding remarks 
We have proposed the Butterworth-type PSD model as the PSD of optical scintillation in RoFSO 
channel. Using the model, we have investigated the dependency of the cutoff frequency 
€ 
fc  and the 
spectral slope 
€ 
N  on time zone and weather parameters of the temperature 
€ 
θ  and the rainfall 
intensity 
€ 
R , based on analysis of optical scintillation data measured in a long-term experiment of 








ˆ N (θ, R), as their time 
average value under a given combined conditions of time zone, 
€ 
θ , and 
€ 
R . From the results, it is 
newly found followings: 
? In general, optical scintillation with higher fluctuation speed occurs for the case of 
€ 
R  > 0 than that 
of 
€ 
R  = 0. 
? When 
€ 
R  = 0 at night, higher the temperature 
€ 
θ , slower the optical scintillation is. 
? In general, 
€ 
ˆ N (θ, R)  = 1 regardless of time zone, 
€ 
θ , and R. 
We have also investigated the dependency of the scintillation index 
€ 
′ σ i
2  on time zone, 
€ 
θ , and 
€ 
R , 
based on the analysis of optical scintillation data measured in a long-term experiment of FSO 
transmission. We derived estimation value of 
€ 
′ σ i
2  for FSO system, 
€ 
′ ˆ σ i 2 (θ,R), as its time average 
value under a given combined conditions of time zone, 
€ 
θ , and 
€ 
R . From the results, it is newly found 




 decreases as 
€ 
θ  increases for the case of 
€ 
R  = 0 and night. On the other hand, at 




 increases as 
€ 
θ  increases on the whole. Furthermore, we extended 
€ 
′ ˆ σ i 2 (θ,R) to the estimation value of 
€ 
σ i
2  for RoFSO system 
€ 
ˆ σ i2 (θ,R)  under that assumption that the 
additional fading factor 
€ 
β  is constant. 
We have proposed a new optical transmission loss model for RoFSO system based on measured 
data in a long-term experiment of RoFSO transmission. Using the proposed model, we estimated 
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RoFSO link margin. It enables us to easily estimate the transmission quality of radio signal as a 
function of RoFSO link distance. The estimated RoFSO link margin is valid for the RoFSO system 
operated at 1.5 µm WDM band with the specifications shown in Table 2.7. Also, the similar modeling 





Effect of optical scintillation            
on throughput of WLAN signal transmitted 
over RoFSO system 
3.1 Introduction 
As described in Chapter 2, the intensity fluctuation referred as optical scintillation occurs in the 
RoFSO channel, when an optical beam propagates through a turbulent atmosphere. When wireless 
services are extended to some outdoor spot areas or indoor areas over a RoFSO link, the fluctuations 
in the received optical signal intensity due to atmospheric turbulence result in power fluctuation of the 
RF signal transmitted from a remote antenna of RoFSO link. It may degrade quality of the RF signal 
transmitted over a RoFSO link. In evaluating the link budget of a radio communication link, fade 
duration in which the received RF power falls below a required RF power level is important, and this 
is directly related to the fluctuation speed of received RF power.  
The previous researches mostly focused on the effects of atmospheric attenuation caused by fog, 
rain, and snow, on wireless optical communication link, because the atmospheric attenuation most 
dominates in the transmission performance of conventional FSO systems. However, few works have 
evaluated the effect of optical scintillation. For example, Refs. [78] and [79] evaluate the effect of 
optical scintillation on digital FSO systems in terms of signal-to-noise ratio (SNR) and bit error rate 
(BER). In evaluating the effect of optical scintillation, these works considered only the strength of 
optical scintillation by using statistical models of optical scintillation, for example, lognormal 
distribution or Gamma distribution, but they have not considered optical scintillation speed. Moreover, 
these works for FSO link cannot be applied to RoFSO link.  
In this chapter, we propose a two-dimensional statistical model of optical scintillation, to evaluate 
the effect of optical scintillation on transmission performance of RF signals over RoFSO link. The 
proposed model can treat a time correlation of optical scintillation. In the proposed model, the optical 
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scintillation is modeled as a Gamma random process, and its probability density function (PDF) is 
determined by the PSD and the variance estimated in Chapter 2. Next, we evaluate the effect of optical 
scintillation on the system performance, especially on the throughput of WLAN signal transmitted 
over RoFSO system, because WLAN system is susceptible to the effect of optical scintillation due to 
its high bit rates and modulation level. In this analysis, both strength and speed of optical scintillation 
are taken into consideration.  
 
3.2 Statistical model of time correlated optical scintillation 
In this section, in order to investigate an effect of optical scintillation on WLAN signal transmission 
over RoFSO system, we propose a statistical model, which can express time correlation characteristic 
of optical scintillation. 
Fig. 3.1 shows an analysis model of RoFSO channel. Free space optical channel can be generally 
modeled that transmitted optical intensity 
€ 
I0 (t) is multiplied by the random gain 
€ 
y(t) in turbulent 
atmosphere. Therefore, the received optical intensity 
€ 
IR(t)  is expressed as [80], 
€ 
IR(t) = I0 (t) ⋅ y(t) . (3.1) 
There are some statistical models of 
€ 
y(t) . The lognormal distribution, normalized Gamma 
distribution, or Gamma-Gamma distribution are widely used [22, 58, 59, 81]. Recently, Ref. [57] 
compared the three PDFs with data measured in a RoFSO experiment. From their fitting test, it is 
found that the normalized Gamma distribution presents the closest property to RoFSO system. In the 
thesis, we introduce the normalized Gamma distribution as a PDF of optical scintillation, which is 
closely related to the Nakagami-m distribution and describes intensity fluctuations for rapid fading in 
long distance propagation [59]. The normalized Gamma distribution is given by 
€ 
Pz (y;1;σ i2 ) =
mimi
Γ(mi )
ymi −1e−mi y ,  (3.2) 
where 
€ 
mi  is the scintillation extent parameter given as 
€ 
1/σ i2 , the number “1” denotes the mean value 
of intensity scintillation, and 
€ 
Γ(x)  is Gamma function given by 
€ 
Γ x( ) = t x−1e− tdt0
∞∫ . (3.3) 
As shown in Sec. 2.2, the PSD of the optical scintillation shows the band-limited characteristic of 
optical scintillation channel. This means that optical scintillation has a time correlation in the time 
domain.  
Fig. 3.2 shows the proposed statistical model of time correlated optical scintillation. Inputting a white 
Gamma process 
€ 
z(t), to a filter with its impulse response 
€ 
h(t), an output random process 
€ 
y(t) is  











pi (y;1;σ i2 ) , and fitted 
€ 
py (y;1;σ y2 ) , 
€ 
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with RF carrier frequency of 5.2 GHz, RF transmission power of +10 dBm from the remote antenna 
and the adaptive modulation are assumed. 
Conditions of RoFSO channel assumed in the simulation are summarized in table 3.2. We assumed 
1km optical signal transmission over RoFSO link under the RoFSO channel condition of 
€ 
θ  > 30, 
€ 
R  = 
0, daytime of clear sunny day in summer. Fig. 3.6 shows the cumulative distribution function (CDF) of 
€ 
′ σ i
2  for FSO system, 
€ 
P( ′ σ i 2 ) , under the combined conditions of 
€ 
θ  > 30, daytime, clear day. We 
focus on this condition because it is the worst condition from the perspective of strength of optical 
scintillation, as shown in Fig. 2.14, and especially point of 
€ 




 = 0.2. It 
should be noted that 
€ 
′ σ i
2  of 0.2 is corresponding to 
€ 
σ i
2 of 0.25 from Eq. (2.10).  
 
3.3.1.2 Numerical results 
Atmospheric turbulence results in fluctuations in the received optical intensity in a RoFSO channel. 
The fluctuations in the received optical intensity causes power fluctuation in a RF signal after the 
direct detection at the PD. The RF signal is radiated from a remote antenna at receiver side of the 
RoFSO downlink. That is, width and speed of power fluctuation in the transmitted RF signal are 
directly related to optical scintillation in RoFSO channel.  
Fig. 3.7 shows the average fade duration (AFD) 
€ 
Ty  of received optical intensity versus threshold 




 = 0.25, which is to be used to examine behavior of 
fluctuations in transmitted RF signal power. The AFD is defined as the average period of time for 
which the received optical intensity is below a certain threshold level. It is given by the following 
equation, 
€ 
Ty (Ith;σ i2 , fc ,N ) =
P[y(t) ≤ Ith ]




Ith  is a threshold level, and 
€ 
P[y(t) ≤ Ith ] is the probability that the optical scintillation 
€ 
y(t) 




Ny  is the level crossing rate (LCR) defined as the expected rate that received optical 
intensity crosses 
€ 
Ith  in a positive-going or negative-going direction. In Fig. 3.7, it is found that for 
€ 
Ith  = 0 dB, 
€ 
Ty  = 3.8 ms at 
€ 
fc  = 200 Hz, and 
€ 
Ty  = 66.9 ms at 
€ 
fc  = 10 Hz.  
Fig. 3.8 illustrates images of fluctuations in the transmitted RF signal powers for the cases of 
€ 
fc  = 
200 Hz and 
€ 
fc  = 10 Hz, when it is presumed that the transmitted RF signal power sinusoidally 
fluctuates. From the results of AFD shown in Fig. 3.7, it is found in Fig. 3.8 that half-period of 
transmitted RF signal power for the case of 
€ 
fc  = 200 Hz is 3.8 ms, and that for the case of 
€ 
fc  = 10 Hz 
is 66.9 ms. When UDP payload length of 1472 octets and 54 Mbps-mode (64-QAM) data rate are 
assumed, one data frame period of 802.11a is approximately 400 µm [83]. From this approximation, it 
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802.11a. Therefore, it can be concluded that optical scintillation speed is slow enough to disregard the 
amplitude variation within data frame length of 802.11a for both cases of large 
€ 
fc  and small 
€ 
fc . 
Fig. 3.9 shows a result of throughput performance versus 
€ 




 = 0.25 and case (a). It should 
be noted that the leftmost plotted symbol is not corresponding to 
€ 
fc  of 0 Hz in the graph, but 
€ 
fc  of 1 





fc , but a same 
€ 
σ i
2 . From the above discussion, it is found that for same 
€ 
σ i
2 , probability that 
received RF power is within a certain receive sensitivity level are same regardless of 
€ 
fc , as illustrated 
in Fig. 3.10. In other word, for same 
€ 
σ i
2 , average throughputs during one period both for cases of large 
€ 
fc  and small 
€ 
fc  are almost same. Therefore, it is observed that throughput performance is almost 
constant as about 21.0 Mbps, regardless of 
€ 
fc , in Fig. 3.9. 
Fig. 3.11 shows a result of throughput performance versus 
€ 
σ i
2  for 
€ 
fc  = 50 Hz for following the 
two cases of radio path lengths. It should be noted that in Fig. 3.11, 
€ 
σ i
2  of 0 denotes an ideal case that 




2  increases almost linearly. In other word, degradation in throughput performance due 
to scintillation is enhanced in proportion to 
€ 
σ i




2  increase of 0.05. On the other hand, when compared with case (a), throughput is almost 
constant as about 21.0 Mbps regardless of 
€ 
σ i
2  for case (b).  
Optical scintillation in RoFSO channel causes fluctuation in transmitted RF signal power for 
downlink, and thus received RF signal power also fluctuates. Fig. 3.12 illustrates images of 
fluctuations in received RF signal powers for large 
€ 
σ i
2  and small 
€ 
σ i
2 , but a same 
€ 
fc . A width of 
fluctuation in received RF signal power is directly related to a width of optical scintillation. As 




increases, and then more received RF signal powers may be distributed below a certain receive 
sensitivity level. Consequently, degradation in throughput performance is enhanced. Average received 
RF signal power for case (a) is less than that for case (b) by 5 dB, therefore, case (a) is more sensitive to 
€ 
σ i
2 .  
In Fig. 3.11, it is found that path length for the case (b) is short enough that the optical scintillation 
almost cannot affect the throughput performance in the given range of 
€ 
σ i
2 . It is also found that when 





 = 0.25 for radio path length of 25.8 m. As will be described in Sec. 3.3.2, degradation 
due to scintillation is small when compared with other effects such as shadowing for indoor radio 
propagation environment. As shown in Fig. 3.12, however, for longer radio path length, that is, for 
smaller received RF signal power, degradation in throughput performance due to scintillation is more 
enhanced even for small 
€ 
σ i
2 .  
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Table 3.3: Simulation parameters of radio channel (2) 
 
Parameters Setup 





σ sh  = 5.4 [dB] (Corridor) 
•
€ 
σ sh  = 15.7 [dB] (Small room) 
Antenna model 
Omni-directional 
• Antenna gain : 0.0 [dB] 




• RF carrier frequency : 5.2 [GHz] 
• Transmission power : +10 [dBm] 
• Adaptive modulation 
Application 
CBR (Constant Bit Rate) 
• Data rate : 29.44 [Mbps] 
 





0.25 is assumed.  
From the results given in Sec. 3.3.1, it was found that 
€ 
fc  is slow enough to disregard the amplitude 
variation for symbol length of IEEE 802.11a, it is not considered in the simulation. 
The total variance of fluctuation in the received RF signal power can be estimated by adding 






2  is the variance of fluctuation in received optical intensity. Using the characteristic function [60] of 
Gamma random variable, variance of fluctuation in the received RF signal power due to scintillation, 
€ 
σ sc
2 , can be derived as following equation,  
€ 
σ sc
2 = 6σ i6 +10σ i4 +σ i2 . (3.7) 
And, the total standard deviation of fluctuation in the received RF signal power caused by 
combining shadowing plus scintillation, 
€ 
σ , is represented as the sum of them in dB unit, that is, 
€ 
σ =σ sh +σ sc  [dB]. (3.8)  
The other parameters are identical with those in Sec. 3.3.2. 
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3.3.2.2 Numerical results 
Results of average throughputs for four cases in each radio environment are shown in Table 3.4. In 
the corridor, degradation in throughput performance of 53.8 % occurs for the worst case (4) when 




 = 0.25 is corresponding to 
€ 
σ sc  = 5.7 dB in Eq. (3.7), and it is 
almost same with 
€ 
σ sh  = 5.4 dB. Since the PDF of fluctuation in received optical intensity is Gamma 
distribution, the PDF of transmitted RF signal power of squared optical intensity is also Gamma 
distribution [34]. In fact, the two distributions, lognormal distribution and Gamma distribution, are 
fairly similar [85]. Therefore, degradation in throughput performance for case (2) is almost equivalent 
to that for case (3) as 10.1 %, as shown in Table 3.4. It can be concluded that degradation in 




 = 0.25 is almost same with that due to shadowing 
in corridor environment. When compared with case (2), degradation in throughput performance due to 
scintillation of 48.5 % occurs for case (4). 
  
Table 3.4: Average throughputs at the receiver for four cases in corridor and small room 
 
Throughput [Mbps] Case (1) Case (2) Case (3) Case (4) 
Corridor 22.7 20.4 20.3 10.5 
Small room 22.7 7.2 22.7 1.2 
 
In the small room like an office, degradation in throughput performance of 94.7 % occurs for the 
worst in case (4) when compared with case (1). There is no degradation for case (3), while degradation 
of 68.3 % occurs for case (2). From this result, it is found that a radio path length between the remote 
antenna and the client randomly located within the small room is short enough to be almost not affected 
by optical scintillation. When compared with case (2), degradation in throughput performance due to 
scintillation of 83.3 % occurs for case (4), even though there is no degradation for case (3). 
From the results, it can be concluded that degradation in throughput performance due to scintillation 
is less than that due to shadowing. However, degradation due to shadowing is more enhanced, when it 
occurs simultaneously with scintillation. Especially, it is found that the degradation due to scintillation 
is more enhanced when shadowing with a large variation width occurring simultaneously. That is, it 
also depends on radio propagation environment.  
 
 
3.4 Conclusion remarks 63 
3.4 Concluding remarks 
We have proposed a new statistical model of time correlated optical scintillation, which can express 
not only the PDF, but also the time correlation characteristic of optical scintillation. The proposed 
model enables us to generate a time correlated Gamma random process, which has PSD and PDF 
estimated from a given RoFSO channel condition, such as time zone, 
€ 
θ , and 
€ 
R . 
Using the proposed model, we have evaluated an effect of optical scintillation on throughput 
performance of IEEE 802.11a signal transmitted over RoFSO link, taking both strength and speed of 
optical scintillation. From the results, it is newly found followings: 
(1) Speed of optical scintillation is slow enough to disregard the amplitude variation within data 
frame length of 802.11a even for the case of large 
€ 
fc . 
? For a case of same 
€ 
σ i
2 , probability that received RF power is within a certain receive 
sensitivity level are same regardless of 
€ 
fc . 
? For a case of same 
€ 
σ i





fc  are almost same. 
(2) Radio path length of 14.5 m (received RF signal power of -60 dBm) is short (large) enough to be 




? When compared with the ideal case of without scintillation, throughput performance is 




 = 0.25 for radio path length of 25.8 m (received RF 
signal power of -65 dBm). 
? However, for longer radio path length, that is, for smaller received RF signal power, 




(3) In the indoor radio environments of corridor and small room like office, degradation in 
throughput performance due to optical scintillation is less than that due to shadowing. 
? However, degradation due to shadowing is more enhanced, when it occurs simultaneously 
with scintillation. 






WDM optical power allocation method for 
RoFSO system 
4.1 Introduction 
Analog FSO systems have a possibility of the reduction of the cost of transceiver equipment as 
compared with a digital implementation [86, 87]. The RoFSO system, which is one of analog FSO 
systems, can transmit different types of wireless service signals transparently between an optical fiber 
and a free space with keeping their radio signal formats. Followings are important points in designing 
a RoFSO system. 
(1) Each transmitted radio signal has its inherent frequency, bandwidth, modulation format, receiver 
sensitivity, and in the case of OFDM signal, total number of multicarriers. 
(2) Each transmitted radio signal has its own radio regulation in the transmission power, the spectral 
spurious, the spectral mask, adjacent channel leakage ratio (ACLR), and so on. These regulations 
must be satisfied when the radio signal is radiated from a remote station of RoFSO downlink. 
Different regulations for different radio signals demand different required transmission qualities 
for RoFSO link.  
(3) RoFSO system has to keep the regulation on Eye-Safety [88]. Class 3A in the regulation 
corresponding to RoFSO system operated at 1.5 µm WDM band allows the laser emission power 
of up to 500 mW [88, 89].  
When RoFSO system is designed without consideration of these constraints, it is likely that some of 
RF signals transmitted over RoFSO link cannot achieve their own required qualities, and others have 
some surplus qualities. To properly guarantee requirements for each heterogeneous radio signal, the 
effective design method of RoFSO link has to be established. However, such methods have not been 
found as far as we know. 
In this chapter, we propose a WDM optical power allocation method to independently guarantee the 
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required quality of each RF signal under the limitation of total optical transmission power to keep 
Eye-Safety regulation Class 3A. Because RoFSO using WDM can transmit any kind of RF signals 
without their mutual interferences, the proposed method can optimize each optical modulation index 
(OMI) for each WDM channel. 
 
4.2 WDM optical power allocation for fixed OMIs 
In this section, WDM optical allocation method for given OMIs of heterogeneous radio signals, that 
is, for fixed OMIs, is proposed. The validity of the proposed method is shown, by comparing with the 
conventional case that WDM optical power is equally allocated. 
Regarding a method for the optimum OMIs, it will be discussed in Sec. 4.4. 
 
4.2.1 CNDR of WDM RoFSO link 
Fig. 4.1 shows the basic configuration of WDM RoFSO link. In the optical Tx antenna side, RF 
signals transmitted over RoFSO link are intensity modulated (IM) in the laser diodes (LDs), optical 
signals from LDs are multiplexed in the WDM multiplexer (MUX), then total optical power is 
amplified by the Eye-Safety limitation power in the booster erbium-doped optical fiber amplifier 
(EDFA) and radiated to free space. In the optical Rx antenna side, received optical signal attenuated 
by propagation loss are amplified in the post EDFA and demultiplexed in the WDM demultiplexer 
(DEMUX), and then the optical signals are converted to RF signals by direct detection (DD) in the 
photodiode (PD).  
As for the generated noises in the link, there are the thermal noise 
€ 
Nth , the optical shot noise 
€ 
Nshot , 
the relative intensity noise (RIN) from the laser diode (LD) 
€ 
NRIN , and the sums of amplified 
spontaneous emission (ASE)-signal noise 
€ 
NASEB  and ASE-ASE noise from the optical amplifiers 
€ 
NASEP . For kth radio signal, where 
€ 
k  = 1, 2, …, 
€ 
K , each noise power is given by the following 
equations [3].  
€ 
Nth = 4KBTBRF , kFRFGRF , (4.1) 
€ 
Nshot , k = 2e(αPDPr , k )BRF , kRLGRF , (4.2)  
€ 
NRIN , k = (RIN )(αPDPr , k )2BRF , kRLGRF , (4.3)  
€ 
NASEB, k = 4αPD (αPDPr , k )NspB + 2(αPDNspB )2 (Bo − fk ){ }BRF , kRLGRF , (4.4)  
€ 
NASEP , k = 4αPD (αPDPr , k )NspP + 2(αPDNspP )2 (Bo − fk ){ }BRF , kRLGRF , (4.5)  
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k  = 1, 2,…, 
€ 
K ) denotes 
€ 
k th RF signal. The subscripts “
€ 
B ” and “
€ 
P ” 
respectively denote the generated beat noises from the Booster EDFA and Post EDFA. In Eqs. (4.1) ~ 
(4.5), KB, T, BRF, k, FRF, GRF, e, αPD, RL, Pr, k, RIN, Lopt, GoptP, and Bo denote the Boltzmann’s constant, 
the equivalent noise temperature, the bandwidth of 
€ 
k th RF signal, the noise figure (NF) of the RF 
Pre-Amplifier at the RoFSO receiver side, gain of the RF Pre-Amplifier at the RoFSO receiver side, 
the electric charge, the responsibility of the PD, the load resistance, the power of received optical 
signal for 
€ 
k th RF signal, the power spectral density (PSD) level of relative intensity noise, the optical 
transmission loss, and the bandwidth of the optical filter, respectively.  
€ 
NspB  and 
€ 
NspP  are the power densities of the ASE beat noises given by 
€ 
NspB =ηspB(GoptB −1)hvLoptGoptP , (4.6)  
€ 
NspP =ηspP (GoptP −1)hv ,  (4.7)  
where ηspB and ηspP respectively denote the ASE coefficients of the Booster EDFA and Post EDFA, h 
is the Plank’s constant, and v is the optical frequency. Since in general, shot noise power of ASE light 
is smaller than other noise power in one digit or more, it is not considered in this analysis. Shot noise 
of amplified optical signal is considered as noise generated from the PD.  
When the LD is directly intensity modulated by multicarrier signal, the intermodulation distortion 
(IMD) is caused due to nonlinearity of the LD, and it may result in degradation in quality of radio 
signal at the RoFSO receiver side. For the sake of simplicity, we assume all the tones to be modulated 
with the same OMI 
€ 
mk . Then, the third order intermodulation distortion (IMD3) which falls into 
€ 
nk th 
subcarrier frequency among equally spaced 
€ 
Nk  subcarriers is described as [3],  
€ 
















αPDPr , k( )
2RLGRFNk ,  (4.8)  
where a3 is the third-order nonlinear coefficient of the LD. 
€ 
D2 (Nk ,nk )  and 
€ 
D3(Nk ,nk )  represent the 
numbers of two-tone type and three-tone type intermodulation distortion products that influence the 
€ 
nk th subcarrier given by [3] 
€ 
D2 (Nk ,nk ) =
1
2 (Nk − 2−
1
2 (1− (−1)
Nk )(−1)Nk ) ,  (4.9)  
€ 
D3(Nk ,nk ) =
nk
2 (Nk − nk +1)+
1
4 ((Nk − 3)
2 − 5)− 18 (1− (−1)
Nk )(−1)Nk+nk .  (4.10)  





2 (αPDPr , k )2RLGRFNk . (4.11)  
The received carrier to noise-plus-distortion ratio (CNDR) is defined by 




NRIN , k + Nshot , k + Nth + NASEB, k + NASEP , k + NIM 3, k
.  (4.12)  
 
4.2.2 WDM optical power allocation ratio for fixed OMIs 
WDM optical power allocation ratio for fixed OMI is derived for effectively guaranteeing quality of 
each wireless service signal transmitted over RoFSO downlink, under total optical transmission power 
limitation.  
Eq. (4.12) can be rewritten as a function of the received optical signal power Pr, k as the following 
representation, 
€ 
′ γ k =
APr , k2
BPr , k2 +CPr , k +D
,  (4.13) 
where,  
€ 





2 RLGRFNk ,  (4.14) 
€ 
B = NRIN , k + NIM 3, kPr , k2
=αPD























,  (4.15) 
€ 
C = 2αPDBRF , kRLGRF e + 2αPD (NspB + NspP ){ }, (4.16) 
€ 
D = Nth + 2αPD2 (Bo − fc )BRF , kRLGRF (NspB2 + NspP2 ) . (4.17) 
By substituting the required CNDR for kth radio signal γk, req, the required received optical signal 
power to achieve γk, req is derived as,  
€ 
Pr , k , req = −
1
2
Cγ k req ± C 2γ k req2 − 4Dγ k req (Bγ k req − A)
Bγ k req − A
.  (4.18)  
Since in general, 
€ 
Bγ k req − A  < 0, 
€ 
C  > 0, and 
€ 




C 2γ k req2 − 4Dγ k req (Bγ k req − A) . (4.19)  
Therefore, the solution of Eq (4.18) satisfying 
€ 
Pr , k > 0  is obtained as,  
€ 
Pr , k , req = −
1
2
Cγ k req + C 2γ k req2 − 4Dγ k req (Bγ k req − A)
Bγ k req − A
. (4.20)  
Eq. (20) represents the minimum received optical signal power that is required to achieve a given 
CNDR requirement γk, req for kth radio signal for a specific Lopt.  
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For a case of 
€ 
K  types of radio signals transmission over RoFSO link, the total required received 
optical signal power to achieve each required CNDR of every radio signals γk, req (
€ 
k  = 1, 2,…, 
€ 
K ),  
Pr, total, req, is derived as the sum of each required received optical signal power to achieve the given 
CNDR requirement on each radio signal, Pr, k, req, and obtained by 
  
€ 
Pr , total , req = Pr , k , req = Pr , 1, req + Pr , 2, req
k=1
K
∑ ++ Pr , K , req . (4.21)  
From Eq. (21), the ratio of each required received optical signal power to total required received 
optical signal power is derived by 
€ 
rk =
Pr , k , req
Pr , total , req
, k =1,2,...,K . (4.22)  
Since the ratio between transmitted optical signal power Pt, k and received optical signal power Pr, k 
stays constant from the relation of 
€ 
Pr , k = LoptGoptPPt , k , Eq. (21) represents the WDM optical power 
allocation ratio, which maximizes tolerable optical transmission loss for 
€ 
K  types of radio signals 
transmission over RoFSO link under total optical transmission power limitation.  Each required 
WDM optical transmission power allocated by the ratio given in Eq. (4.22) is calculated by 
€ 
Pt , k , req = rkPt , total , req , k =1,2,...,K . (4.23)  
In Eq. (4.23), Pt, total, req is total required transmitted optical signal power, which is derived as the sum 
of each required transmitted optical signal power Pt, k, req (
€ 
k  = 1, 2,…, 
€ 
K ) in the same manner with Eq. 
(4.22).  
Under a total optical transmission power limitation PLimit, total required transmitted optical signal 
power to achieve required CNDR of every radio signals for Lopt = Lopt, Limit can be expressed as, 
€ 
Pt , total , req (Lopt ) = Pt , k , req (Lopt )
k=1
K
∑ = PLimit , (4.24)  
where Lopt, Limit is the maximum tolerable optical transmission loss. From Eq. (4.23), Lopt, Limit can be 
derived as a function of Pt, k, req by the following equation, 
€ 




κPt , k , req ± (κPt , k , req )2 − 4ψ(ρPt , k , req2 +ξPt , k , req +ζ )
ρPt , k , req2 +ξPt , k , req +ζ







































,  (4.26)  
€ 
ξ = 4αPD2 γ k , reqGoptP2 BRF , kRLGRFηspB(GoptB −1)hv ,      (4.27)  
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€ 
ζ = 2αPD2 γ k , reqGoptP2 BRF , kRLGRF (Bo − fc ) ηspB(GoptB −1)hv{ }
2
,   (4.28)  
€ 
κ = 2αPDGoptPγ k , reqBRF , kRLGRF (e + 2αPDNspP ) ,      (4.29)  
€ 
ψ = γ k , req Nth + 2(αPDNspP )2 (Bo − fc )BRF , kRLGRF{ } .     (4.30)  
Since in general, 
€ 
ρPt , k , req2 +ξPt , k , req +ζ  < 0, 
€ 
κ  > 0, and 
€ 
ψ  > 0,  
€ 
κPt , k , req?
€ 
(κPt , k , req )2 − 4ψ(ρPt , k , req2 +ξPt , k , req +ζ ) .    (4.31)  
Therefore, the maximum tolerable optical transmission loss satisfying Lopt, Limit > 0 is obtained as,  
€ 
Lopt , Limit = −
1
2
κPt , k , req + (κPt , k , req )2 − 4ψ(ρPt , k , req2 +ξPt , k , req +ζ )
ρPt , k , req2 +ξPt , k , req +ζ
, (for any k).   (4.32)  
We propose the WDM optical power allocation (WOPA) method that allocating optical power to 
each WDM channel with the ratio given in Eq. (4.23). In the thesis, the proposed method is referred as 
WOPA with fixed OMIs.  
 
4.2.3 Application to RoFSO downlink 
4.2.3.1 System parameters and required CNDR 
We assume four types of wireless service signals transmission over RoFSO link under the total 
optical transmission power limitation from Class 3A in Eye Safety regulations, that is, PLimit = 500 
mW. Assumed wireless services are digital television (DTV), 3rd generation (3G) cellular, WLAN 
IEEE 802.11g, and 802.11a, which were used in a long-term experiment of RoFSO transmission as 
shown in Fig. 2.15. Parameters used in calculation are summarized in Table 4.1 and 4.2. In Table 4.1, 
OMIs are assumed as values obtained in a long-term experiment of RoFSO transmission as shown in 
Fig. 2.15, at which overmodulation due to peak power of multicarrier signal was not generated. 
In designing RoFSO downlink, it is most important to satisfy the regulation on quality of radio 
signal, such as the spectral mask and ACLR, is radiated from a remote station of RoFSO receiver side. 
At a receiving terminal, each wireless service signal transmitted through a radio channel has to 
achieve its required carrier-to-noise ratio (CNR) determined by required bit error rate (BER) and so 
forth. As shown in Table 4.1, when compared with required CNR at a receiving terminal, required 
CNDR for radio signal radiated from a remote station of RoFSO is much larger. In the thesis, we set 
each required CNDR as a value of CNDR guaranteeing regulation of a wireless service signal. 
For DTV, the regulation on spectral mask is most strictly limit the received CNDR of RoFSO link, 
which is restricted by -20 dBc at offset frequency of ±2.86 MHz, -27 dBc at offset frequency of  
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Table 4.2: Common parameters and physical constants 
 
Plank’s Constant h 6.626×10-34 
Speed of Light [m/s] c 3×108 
Electric Charge e 1.6×10-16 
Boltzmann’s Constant KB 1.381×10-23 
Eye-Safety Power Limitation [W] PLimit 0.5 
RIN [dB/Hz] RIN -140 
Load Resistance [Ohm] RL 50 
PD Responsibility [A/W] αPD 0.8 
ASE Coefficient ηsp 1.99053585 
Optical Filter Bandwidth [GHz] Bo 100 
Equivalent Noise Temperature [K] T 300 
3rd Order Nonlinear Coefficient of LD a3 1×10-5 
 
±3.00 MHz, and -40 dBc at the offset frequencies of ±4.36 MHz [90]. In this thesis, under an 
assumption that power of RF signal transmitted from a remote station of RoFSO downlink is 0.25 W,  
γ req is set on the basis of the regulation on spectral mask. In general, IMD3 is the maximum at the 
center subchannel within a signal bandwidth, and it decreases as offset frequency from the center 
frequency increases, while level of noise power is constant within a signal bandwidth. That is, if the 
received CNDR regulated in the signal bandwidth is above the ratio of out-of-band spurious emission 
to carrier power that is normalized in the regulation on spectral mask, the regulation on spectral mask 
is satisfied. Therefore, for satisfying the most restrict regulation of the regulations of spectral mask,   
γ req for DTV is set as 40 dB. 
For 3G cellular systems, the regulation on ACLR is most strictly limit the received CNDR of 
RoFSO link, which is restricted by -45 dBc at the offset frequencies of ±5 MHz, and -50 dBc at the 
offset frequencies of ±10 MHz [91]. In general, out-of-band emission power at offset frequency of ±10 
MHz can be easily suppressed by a bandpass filter, but it is difficult to suppress a leakage power at the 
offset frequencies of ±5 MHz. From that perspective, for satisfying the regulation on ACLR at the 
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offset frequencies of ±5 MHz, γ req for the WCDMA signal is set as 45 dB. 
For WLAN 802.11g, the regulation on spectral mask is most strictly limit the received CNDR of 
RoFSO link, which is restricted by -20 dBc at the offset frequencies of ±11 MHz, -28 dBc at the offset 
frequencies of ±20 MHz, and -40 dBc at the offset frequencies of ±30 MHz [92]. Therefore, in the 
same manner with DTV, for satisfying the regulations of spectral mask, γ req for 802.11g is set as 40 
dB. 
For WLAN 802.11a, the regulation on ACLR is most strictly limit the received CNDR of RoFSO 
link, which is restricted by -25 dBc within the band of ±9 MHz at the offset frequency of ±20 MHz, 
and -40 dBc within the band of ±9 MHz at the offset frequencies of ±40 MHz, for the system with 
bandwidth of 20 MHz [93]. Therefore, for satisfying the regulation on ACLR, γ req for 802.11a is set as 
40 dB.  
Each required received CNDR γ req for the four types of wireless service is summarized in Case I in 
Table 4.1. It should be noted that the setting of Case I satisfies each regulation on the average. 
However, since one or more regulations may be not satisfied instantly when the received optical signal 
power is reduced due to optical scintillation, it is necessary to design some degree of margin. 
As described in Sec. 2.3, for the case of 
€ 
R  = 0 and daytime, the scintillation index increases as 
€ 
θ  
increases, and then it is up to 0.1395 the maximum when 
€ 
θ  ≥ 30. When the tracking gain of 6 dB [94] 
and the normalized Gamma distribution as a statistical model of optical scintillation are taken into 
consideration, by adding a margin of 2.5 dB to required received optical signal power, the probability 
that the regulations are not satisfied due to optical scintillation can be kept below 0.3 % for the 
scintillation index of 0.1395. 
The margin of 2.5 dB in the received optical signal power corresponds to the margin of 5 dB in the 
received CNDR after optical detection. In Case II, therefore, the margin of 5 dB is added to the 
required received CNDR γ req set in Case I in order to suppress the probability that the regulations are 
not satisfied below 0.3 %, even though reduction in the received optical signal power occurs due to 
optical scintillation. 
 
4.2.3.2 Tolerable optical transmission loss and achievable RoFSO link distance 
Under the condition that the total optical transmission power is limited by Class 3A in Eye Safety 
regulations, that is, PLimit = 500 mW, the case that optical power is allocated to each WDM wavelength 
by the WOPA with fixed OMIs, and the that optical power is equally allocated to each WDM 
wavelength, are compared in terms of the tolerable optical transmission loss Lopt, Limit and the 
achievable RoFSO link distance dLimit. In the thesis, the conventional method of equal allocation (EA) 
of WDM optical power is referred as EA. 
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Fig. 4.2 (a) and (b) show the optical transmission loss Lopt versus each received CNDR of DTV, 
WCDMA, 802.11g, and 802.11a for the case of WOPA with fixed OMIs, for required CNDR settings 
of Case I and Case II in Table 4.1, respectively. The results for the case of EA with fixed OMIs are 
also plotted in Fig. 4.2 (a) and (b).  
In Fig. 4.2 (a), it is found that for the case of EA with fixed OMIs, each required CNDR can be 
achieved at Lopt ≤ 33.3 dB for DTV, Lopt ≤ 33.6 dB for 3G, Lopt ≤ 36.4 dB for 802.11g and 802.11a. 
Therefore, DTV dominates the tolerable optical transmission loss in RoFSO link, that is, Lopt, Limit = 
33.3 dB. On the other hand, when WDM optical transmission power is allocated by WDM optical 









= 0.341:0.319:0.170:0.170, each required CNDR for every wireless services can be achieved at Lopt ≤ 
34.7 dB regardless of wireless service type. For required CNDR settings of Case I, therefore, the 
improvement in the tolerable optical transmission loss Lopt, Limit of 1.4 dB is achieved by WOPA with 
fixed OMIs when compared with the case of EA with fixed OMIs. 
In Fig. 4.2 (b), it is found that for the case of EA with fixed OMIs, each required CNDR can be 
achieved at Lopt ≤ 26.9dB for DTV, Lopt ≤ 27.7dB for 3G, Lopt ≤ 31.3dB for 802.11g and 802.11a. 
Therefore, DTV dominates the tolerable optical transmission loss in RoFSO link, that is, Lopt, Limit = 
26.9 dB. On the other hand, when WDM optical transmission power is allocated by WDM optical 








r11a  = 0.382:0.330:0.144:0.144, each required CNDR for every wireless services can be 
achieved at Lopt ≤ 29.0 dB regardless of wireless service type. For required CNDR settings of Case II, 
therefore, the improvement in the tolerable optical transmission loss Lopt, Limit of 2.1 dB is achieved by 
WOPA with fixed OMIs when compared with the case of EA with fixed OMIs. 
Next, using Eq. (2.20) the approximate expression of optical transmission loss, the two methods are 
compared in terms of the achievable RoFSO link distance. 
Fig. 4.3 (a) and (b) show the optical propagation distance, that is, RoFSO link distance d versus each 
received CNDR of DTV, WCDMA, 802.11g, and 802.11a for the case of WDM optical power 
allocated by WOPA with fixed OMIs, for required CNDR settings of Case I and Case II, respectively. 
The results for the case of EA with fixed OMIs are also plotted in Fig. 4.3 (a) and (b). 
In Fig. 4.3 (a), it is found that for the case of EA with fixed OMIs, each required CNDR can be 
achieved at d ≤ 2.47 km for DTV, d ≤ 2.52 km for 3G, d ≤ 2.80 km for 802.11g and 802.11a. 
Therefore, DTV dominates the achievable RoFSO link distance, that is, dLimit = 2.47 km. On the other 
hand, when WDM optical transmission power is allocated by WOPA with fixed OMIs, each required 
CNDR for every wireless services can be achieved at d ≤ 2.68 km regardless of wireless service type. 
For required CNDR settings of Case I, therefore, the improvement in the achievable RoFSO link 
distance d of 0.21 km is achieved by WOPA with fixed OMIs when compared with the case of EA  
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with fixed OMIs. 
In Fig. 4.3 (b), it is found that for the case of EA with fixed OMIs, each required CNDR can be 
achieved at d ≤ 1.57 km for DTV, d ≤ 1.68 km for 3G, d ≤ 2.19 km for 802.11g and 802.11a. 
Therefore, DTV dominates the achievable RoFSO link distance, that is, dLimit = 1.57 km. On the other 
hand, when WDM optical transmission power is allocated by WOPA with fixed OMIs, each required 
CNDR for every wireless services can be achieved at d ≤ 1.87 km regardless of wireless service type. 
For required CNDR settings of Case II, therefore, the improvement in the achievable RoFSO link 
distance d of 0.30 km is achieved by WOPA with fixed OMIs when compared with the case of EA 
with fixed OMIs. 
Improvement in the number of transmittable wireless service signals also can be achieved by 
WOPA with fixed OMIs for a specific RoFSO link distance. For example, for required CNDR settings 
of Case II, when WDM optical power is equally allocated to each wireless service, DTV cannot be 
transmitted over a RoFSO link with d > 1.57 km, thus, the transmittable wireless services are restricted 
by three types of wireless services, 3G, 802.11g, and 802.11a. Moreover, In a RoFSO link with d > 
1.68 km, DTV and 3G cannot be transmitted over the link, thus, the transmittable wireless services are 
seriously restricted by only two types of wireless services, 802.11g and 802.11a. On the other hand, all 
wireless services are transmittable in a RoFSO d ≤ 1.87 km when the WOPA with fixed OMIs is 
adopted in the link design. 
 
4.3 WDM optical power allocation for optimum OMIs 
In this section, WDM optical allocation method for optimum OMIs of heterogeneous radio signals 
is proposed. The validity of the proposed method is shown, by comparing with the case that WDM 
optical power is equally allocated for optimum OMIs, in the same manner with Sec. 4.3. 
 
4.3.1 WDM optical power allocation ratio for optimum OMIs 
WDM optical power allocation ratio for optimum OMI is derived for effectively guaranteeing 
quality of each wireless service signal transmitted over RoFSO downlink, under total optical 
transmission power limitation.  
The optimum OMI per subcarrier 
€ 
mk , opt  for 
€ 
k th wireless service signal which results in maximum 
received CNDR can be derived by 
€ 
dγ k /dmk = 0  as 
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€ 
mk , opt =
NRIN , k + Nshot , k + Nth + NASEB, k + NASEP , k
3
4 a3D2 (Nk ,nk )+
3






















.                (4.33) 
When 
€ 




γ k mk=mk , opt =
Ck
NRIN , k + Nshot , k + Nth + NASEB, k + NASEP , k + NIM 3, k mk=mk , opt
=
Ck mk=mk , opt
NRIN , k + Nshot , k + Nth + NASEB, k + NASEP , k + NIM 3, k mk=mk , opt
,   (4.34)  
where 
€ 
Ck mk=mk , opt =
1
2mk , opt




(NRIN , k + Nshot , k + Nth + NASEB, k + NASEP , k )1/3
3
4 a3D2 (Nk ,nk )+
3







2 /3 (αPDPr , k )4 /3(RLGRFNk )2 /3
,   (4.35)  
€ 




4 a3mk , opt
3 D2 (Nk ,nk )+
3
2 a3mk , opt








(αPDPr , k )2RLGRFNk
=
1
2 (NRIN , k + Nshot , k + Nth + NASEB, k + NASEP , k )
.   (4.36)  
From Eq. (4.36), it is found that 
€ 
NIM 3, k  is one half of total noise power when 
€ 
mk =mk , opt .  
By substituting Eqs. (4.35) and (4.36) into Eq. (4.34), the CNDR at 
€ 
mk =mk , opt  can be derived as 
follow equation,  
€ 
γ k mk=mk , opt =
1
3 34 a3D2 (Nk ,nk )+
3









(RLGRFNk )2 /3(αPDPr , k )4 /3
(NRIN , k + Nshot , k + Nth + NASEB, k + NASEP , k )2 /3
.   (4.37)  
Eq. (4.37) represents the maximum CNDR for any received optical signal power 
€ 
Pr , k = Pt , k LoptGoptP . It 
can be rewritten as a function of 
€ 
Pr , k  as following representation, 
€ 
′ γ k =
APr , k2
BPr , k2 +CPr , k +D
,   (4.38)  
where A, B, C, and D are newly given by 
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€ 
A =αPD2 RLGRFNk ,   (4.39)  
€ 
B = (RIN )αPD2 RLGRFBRF ,   (4.40)  
€ 
C = 2αPDBRFRLGRF e + 2αPD (NspB + NspP ){ },   (4.41)  
€ 
D = Nth + 2αPD2 (Bo − fc )BRFRLGRF (NspB2 + NspP2 ) ,   (4.42)  
€ 
′ γ k = 3 3
3
4 a3D2 (Nk ,nk )+
3










.   (4.43)  






C , and 
€ 
D  used in Eqs. (4.38)~(4.42) are different with them given in 
Eqs. (4.38)~(4.42).  
By substituting 
€ 
γ k mk=mk , opt = γ k , req , where 
€ 
γ k , req  is the required CDNR of 
€ 
k th wireless service, the 
required received optical signal power to achieve 
€ 
γ k , req  is derived as 
€ 
Pr , k , req mk=mk , opt =
C ′ γ k , req ± C 2 ( ′ γ k , req )2 − 4D ′ γ k , req (B ′ γ k , req − A)
−2(B ′ γ k , req − A)
,                          (4.44)  
where 
€ 
′ γ k , req = 3 3
3
4 a3D2 (Nk ,nk )+
3







γ k , req
3/2 .         (4.45)  
In general, 
€ 
B ′ γ k , req − A < 0 , 
€ 
C > 0 , and 
€ 
D > 0, thus the solution of Eq. (4.44) which satisfies 
€ 
Pr , k > 0  
is obtained as 
€ 
Pr , k , req mk=mk , opt =
C ′ γ k , req + C 2 ( ′ γ k , req )2 − 4D ′ γ k , req (B ′ γ k , req − A)
−2(B ′ γ k , req − A)
.                     (4.46)  
Eq. (26) represents the minimum received optical signal power required to achieve the given CNDR 
requirement at the output of RoFSO link for 
€ 
k th wireless service signal for a specific Lopt. In other 
word, various combinations of 
€ 
Pr , k  and 
€ 
mk  exist which achieve the required CNDR, and the value 
of 
€ 
Pr , k  derived by Eq. (4.46) is the smallest among them because it is the value at 
€ 
mk =mk , opt . 
Therefore, under total optical transmission limitation 
€ 
PLimit , the minimum total optical transmission 
power to achieve each required CNDR of every wireless services for 
€ 
Lopt = Lopt , Limit  can be expressed 
as 
€ 




Pr , k , req mk=mk , opt
Lopt , LimitGoptPk=1
K
∑ = PLimit ,   (4.47)  
where 
€ 
Lopt , Limit  is the maximum tolerable Lopt for guaranteeing each required CNDR of every wireless 
services with combinations of the OMI and optical transmission power. When 
€ 
Lopt > Lopt , Limit , it 
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becomes that 
€ 
Pr , k < Pr , k , req mk=mk , opt , thus, it is impossible to achieve the required CNDR with any OMI 
for that received optical power level. Since the ratio between 
€ 
Pr , k  and 
€ 
Pt , k  stays constant, at that 
time the ratio of WDM optical transmission power can be derived by 
€ 
rk =
Pr , k , req mk=mk , opt
Pr , total , req
.   (4.48)  
Therefore, WDM optical transmission power allocated per a wavelength by the ratio given in Eq. 
(4.48) is given by 
€ 
Pt , k , req = rkPLimit , k =1,2,...,K    (4.49)  
From Eq. (4.47), 
€ 
Lopt , Limit  can be derived by 
€ 
Lopt , Limit =
1
PLimitGoptP
Pr , k , req mk=mk , opt (Lopt , Limit )k=1
K
∑ .      (4.50)  
For optimum OMI, we propose the WDM optical power allocation (WOPA) method that allocating 
optical power to each WDM channel with the ratio given in Eq. (4.48). In the thesis, the proposed 
method is referred as WOPA with optimum OMIs. 
 
4.3.2 Application to RoFSO downlink 
4.3.2.1 System parameters and required CNDR 
Fixed OMIs are adopted to design RoFSO downlink in Sec. 4.2.3, which are obtained from a 
long-term experiment of RoFSO transmission as shown in Fig. 2.15. On the other hand, in this section, 
the optimum OMI mk,opt for each wireless service signal is assumed as shown in Table 4.3, which can 
be obtained from Eq. (4.33). The optimum OMI mk,opt is a function of received optical signal power 
Pr,k, as shown in Eq. (4.33). Because Pr, k = Pt, kLoptGoptP, mk,opt is also a function of the optical 
transmission loss Lopt, that is, RoFSO link distance d. Therefore, mk,opt changes depending on Lopt or d. 
It should be noted that the results that will be presented in Sec. 4.4.2.2 is based on the optimum OMI 
for every Pr, k, not a constant optimum value for a specific Lopt or d. 
The other parameters including required CNDR summarized in Table 4.3 are equal with those in 
Table 4.1.  
 
4.3.2.2 Tolerable optical transmission loss and achievable RoFSO link distance 
Under the condition that the total optical transmission power is limited by Class 3A in Eye Safety 
regulations, that is, PLimit = 500 mW, the case that optical power is allocated to each WDM wavelength 
by WOPA with optimum OMIs, and the case of EA with optimum OMIs, are compared in the same  
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manner with Sec. 4.2.3.2. 
  Fig. 4.4 (a) and (b) show the optical transmission loss Lopt versus each received CNDR of DTV, 
WCDMA, 802.11g, and 802.11a for the case of WDM optical power allocated by WOPA with 
optimum OMIs, for required CNDR settings of Case I and Case II, respectively. The results for the 
case of the EA with optimum OMIs are also plotted in Fig. 4.4 (a) and (b). 
In Fig. 4.4 (a), it is found that for the case of the EA with optimum OMIs, each required CNDR can 
be achieved at Lopt ≤ 34.8 dB for DTV, Lopt ≤ 35.5 dB for 3G, Lopt ≤ 49.8 dB for802.11g and 802.11a. 
Therefore, DTV dominates the tolerable optical transmission loss in RoFSO link, that is, Lopt, Limit = 
34.8 dB. On the other hand, when WDM optical transmission power is allocated by WDM optical 









= 0.527:0.439:0.017:0.017, each required CNDR for every wireless services can be achieved at Lopt ≤ 
38.1 dB regardless of wireless service type. For required CNDR settings of Case I, therefore, the 
improvement in the tolerable optical transmission loss Lopt, Limit of 3.3 dB is achieved by WOPA with 
optimum OMIs when compared with the case of EA with optimum OMIs. 
In Fig. 4.4 (b), it is found that for the case of EA with optimum OMIs, each required CNDR can be 
achieved at Lopt ≤ 27.0 dB for DTV, Lopt ≤ 27.9 dB for 3G, Lopt ≤ 43.2 dB for 802.11g and 802.11a. 
Therefore, DTV dominates the tolerable optical transmission loss in RoFSO link, that is, Lopt, Limit = 
27.0 dB. On the other hand, when WDM optical transmission power is allocated by WDM optical 








r11a  = 0.534:0.440:0.013:0.013, each required CNDR for every wireless services can be 
achieved at Lopt ≤ 30.5 dB regardless of wireless service type. For required CNDR settings of Case II, 
therefore, the improvement in the tolerable optical transmission loss Lopt, Limit of 3.5 dB is achieved by 
WOPA with optimum OMIs when compared with the case of EA with optimum OMIs. 
Next, Using Eq. (2.20) the approximate expression of optical transmission loss, the two methods are 
compared in terms of the achievable RoFSO link distance. 
Fig. 4.5 (a) and (b) show the optical propagation distance, that is, RoFSO link distance d versus 
each received CNDR of DTV, WCDMA, 802.11g, and 802.11a for the case of WDM optical power 
allocated by WOPA with optimum OMIs, for required CNDR settings of Case I and Case II, 
respectively. The results for the case of EA with optimum OMIs are also plotted in Fig. 4.5 (a) and (b). 
In Fig. 4.5 (a), it is found that for the case of EA with optimum OMIs, each required CNDR can be 
achieved at d ≤ 2.68 km for DTV, d ≤ 2.73 km for 3G, d ≤ 3.83 km for 802.11g and 802.11a. 
Therefore, DTV dominates the achievable RoFSO link distance, that is, dLimit = 2.68 km. On the other 
hand, when WDM optical transmission power is allocated by WOPA with optimum OMIs, each 
required CNDR for every wireless services can be achieved at d ≤ 2.92 km regardless of wireless 
service type. For required CNDR settings of Case I, therefore, the improvement in the achievable  
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RoFSO link distance dLimit of 0.24 km is achieved by WOPA with optimum OMIs when compared 
with the case of EA with optimum OMIs. 
  In Fig. 4.5 (b), it is found that for the case of EA with optimum OMIs, each required CNDR can be 
achieved at d ≤ 1.57 km for DTV, d ≤ 1.71 km for 3G, d ≤ 3.32 km for 802.11g and 802.11a. 
Therefore, DTV dominates the achievable RoFSO link distance, that is, dLimit = 1.57 km. On the other 
hand, when WDM optical transmission power is allocated by WOPA with optimum OMIs, each 
required CNDR for every wireless services can be achieved at d ≤ 2.07 km regardless of wireless 
service type. For required CNDR settings of Case II, therefore, the improvement in the achievable 
RoFSO link distance dLimit of 0.50 km is achieved by WOPA with optimum OMIs when compared 
with the case of EA with optimum OMIs. 
In the same manner with Sec. 4.2.3.2, improvement in the number of transmittable wireless service 
signals also can be achieved by WOPA with optimum OMIs for a specific RoFSO link distance. For 
example, for required CNDR settings of Case II, when WDM optical power is equally allocated to 
each wireless service with the optimum OMI, DTV cannot be transmitted over a RoFSO link with d > 
1.57 km, thus, the transmittable wireless services are restricted by three types of wireless services, 3G, 
802.11g, and 802.11a. Moreover, In a RoFSO link with d > 1.71 km, DTV and 3G cannot be 
transmitted over the link, thus, the transmittable wireless services are seriously restricted by only two 
types of wireless services, 802.11g and 802.11a. On the other hand, all wireless services are 
transmittable in a RoFSO d ≤ 2.07 km when the WOPA with optimum OMIs is adopted in the link 
design. 
 
4.4 Concluding remarks 
As an optimal design method of RoFSO system, we have proposed WDM optical power allocation 
method under total transmission power limitation by Eye-Safety regulation, to effectively guarantee 
each requirement of radio signal at a remote station of RoFSO downlink. For conventional WDM 
optical allocation methods of EA with fixed OMIs and EA with optimum OMIs, WOPA with fixed 
OMI and WOPA with optimum OMI have been respectively proposed, and those four types of WDM 
optical allocation methods were examined with some discussion. 
For Case I in which each required CNDR of radio signals was set as a value of CNDR guaranteeing 
the most severe regulation on quality of radio signal on the average, EA with fixed OMIs and EA with 
optimum OMIs achieve the tolerable optical transmission losses, Lopt, Limit of 33.3 dB and 34.8 dB, 
respectively. On the other hand, WOPA with fixed OMIs and WOPA with optimum OMIs improve 
Lopt, Limit up to of 34.7 dB and 38.1 dB, respectively. In terms of the achievable RoFSO link distance 
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dLimit, while EA with fixed OMIs and EA with optimum OMIs respectively achieve dLimit of 2.47 km 
and 2.68 km, WOPA with fixed OMIs and WOPA with optimum OMIs respectively improve dLimit up 
to of 2.68 km and 2.92 km. 
For Case II in which each required CNDR of wireless service signals was set as a value of CNDR 
keeping the probability that the regulations are not satisfied due to optical scintillation below 0.3 %, 
even though 
€ 
θ  ≥ 30, daytime in a clear sunny day, EA with fixed OMIs and EA with optimum OMIs 
achieve Lopt, Limit of 26.9 dB and 27.0 dB, respectively. On the other hand, WOPA with fixed OMIs and 
WOPA with optimum OMIs improve Lopt, Limit up to of 29.0 dB and 30.5 dB, respectively. In terms of 
the achievable RoFSO link distance dLimit, while EA with fixed OMIs and EA with optimum OMIs 
achieve dLimit of 1.57 km, WOPA with fixed OMIs and WOPA with optimum OMIs respectively 
improve dLimit up to of 1.87 km and 2.07 km. 
It can be concluded that the best performance of RoFSO link can be achieved by WOPA with 
optimum OMIs among the four types of WDM optical allocation methods, and we can realize longer 
RoFSO link using WOPA with optimum OMIs. 







This thesis contributed to design and performance evaluation of RoFSO communication system for 
radio signal transmission. Firstly, RoFSO channel models on the power spectral density (PSD) of 
optical scintillation, the scintillation index, and the optical transmission loss were proposed for design 
and performance evaluation of RoFSO system. Dependencies of the PSD and the scintillation index of 
optical scintillation on the channel conditions like time zone, temperature, and rainfall intensity were 
investigated based on a long-term experimental data. Based on the proposed optical transmission loss, 
a RoFSO link margin was estimated as a simple function of link distance. Secondly, the 
two-dimensional statistical model of optical scintillation was proposed. Using the model, the effect of 
optical scintillation on the throughput performance of WLAN signal was evaluated and discussed in 
free space radio channel. Moreover, the evaluations under the radio communication environments like 
office and corridor were also conducted, and effects of optical scintillation in RoFSO channel and 
shadowing in radio channel were discussed. Thirdly, as an optimal design method of RoFSO system, 
WDM optical power allocation method was proposed, under total transmission power limitation by 
Eye-safety regulation. A ratio of WDM optical power allocation for effectively guaranteeing each 
regulation on radio signal quality at a remote station of RoFSO downlink was theoretically derived. 
Validity of the proposed method was shown through the comparison with the conventional method of 
the equal WDM optical power allocation. 
The significant results obtained in this work can be summarized as follows: 
(1) Through the investigation on dependencies of the cutoff frequency, the spectral slope, and the 
scintillation index, it was newly found that in general, optical scintillation with higher fluctuation 
speed occurs in a rainy day than a clear sunny day, higher the temperature 
€ 
θ , slower the optical 
scintillation is at night in a clear day, the spectral slope is approximately f –2 regardless of time 
zone, temperature, and rainfall intensity, strength of optical scintillation decreases as temperature 
increases at night in a clear day, while at daytime, strength of optical scintillation increases as 
temperature increases on the whole.  
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(2) Through the analysis of optical transmission loss in RoFSO system, it was newly found that for a 
RoFSO system with link distance of around 1km, sufficient margin for scintillation loss taking 
very strong turbulence into consideration should be designed, and it is enough for the 
atmospheric attenuation loss, while for a RoFSO system with relatively long link distance d of 
more than 2km, it is enough to consider margin design for atmospheric attenuation loss.  
 
(3) Through the evaluation of effect of optical scintillation, it was newly found that for same strength 
of optical scintillation, average throughputs of 802.11a during one period are same even for 
optical scintillation with rapid fluctuation speed, and degradation in throughput performance due 
to scintillation is considerably depending on a radio path length, or received RF signal power. 
 
(4) By comparing the effects of optical scintillation in RoFSO channel and shadowing in radio 
channel, it was newly found that under radio communication environments like office and 
corridor, degradation due to scintillation is less than that due to shadowing, but degradation due to 
shadowing is enhanced, when it occurs simultaneously with scintillation, moreover, degradation 
due to scintillation more enhanced when shadowing with a large variation width occurs 
simultaneously. 
 
(5) It was clarified that the proposed WDM optical power allocation method with optimum OMIs 
can improve the tolerable optical transmission loss and the achievable RoFSO link distance, 
compared with the conventional method of the equal WDM power allocation. Using the 
proposed model, we can realize a longer RoFSO link. 
 
The radio on free space optical system will become more and more important key technology for 
infrastructure of future wireless communication system in which the flexibility and universality to 
various kinds of wireless services are significant. The RoFSO systems treated in the thesis will 
become one of the promising candidates for extending broadband wireless environment easily, rapidly, 
and cost effectively. The author wishes that the results presented in the thesis contribute toward the 
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